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1. INTRODUCTION 

T h i s  document i s  the f inal  technical  r e p o r t  f o r  NASA Cont rac t  

8-21220 and i s  a follow-on effort  to NASA C o n t r a c t  8-18116. 

t r a c t s  a r e  enti t led "Ionospheric E l e c t r o n  Content Synchronous Orbi t  

Beacon E x p e r i m e n t  Definition. ' I  T h e  w o r k  on both cont rac ts  h a s  been  

accomplished by the Space Sys tems Division of Hughes A i r c r a f t  C o m -  

pany f o r  the Scient i f ic  F l igh t  Payloads B r a n c h ,  George C .  M a r s h a l l  

Space F l ight  C e n t e r .  

Both con-  

The  objective of the cont rac ts  i s  to provide two a l te rna te  design 

concepts  f o r  ionospheric  beacon sa te l l i t es  that  can be used for  a syn-  

chronous  Apollo Radio Beacon Exper iment .  

deployed f r o m  a synchronous orbi t  Apollo Applications P r o g r a m  (AAP) 

s p a c e c r a f t  to m e a s u r e  the e lec t ron  content of the exosphere  and iono- 

s p h e r e .  T h e  f i r s t  cont rac t  provided a design concept f o r  a satel l i te  

that  could be deployed and maintained in the Apollo spacecraf t  o rb i t  

( c u r r e n t  indicat ions a r e  that this wil l  be a 28. 5 degree  inclined synchro-  

nous orb i t ) .  F o r  the purposes  of the f i r s t  r e p o r t ,  th i s  satel l i te  w a s  

ca l led  the Ionospheric  Beacon Satell i te (IBS) and i s  descr ibed in 

R e f e r e n c e  1. 

The  sa te l l i t es  would be 

T h e  second cont rac t ,  descr ibed in th i s  r e p o r t ,  provides  a design 

concept  f o r  a satel l i te  that can  change o r  remove  inclination a f te r  

deployment f r o m  an AAP vehicle in an  inclined synchronous orb i t .  

the  p u r p o s e s  of this  r e p o r t ,  i t  i s  called an Inclination Remove1 Iono- 

s p h e r i c  Beacon Satel l i te  (IRIBS). 

F o r  

T h e  scope of the w o r k  in  C o n t r a c t  NAS 8-21220 defines the follow- 

ing two t a s k s :  

1) "Design, fabr ica te  and de l iver  a fu l l  scale  mechanical  

integrat ion model of the Synchronous Apollo Radio Beacon 

E x p e r i m e n t .  " 

* 'Hes ign  a modification t o  the S ~ E C ~ ~ ~ , , ~ , ,  A r--- ------ 
Beacon Experiment  which would enable i t  to change the 

plane of i t s  o rb i t  f r o m  an  init ial  28 d e g r e e s  inclination 

with r e s p e c t  to the equator ia l  plane to an inclination of 

l e s s  than f ive (5 )  d e g r e e s . "  

- - ~ \ - n i - o  n n l l n  R z j r i i n  I . -  

2 )  

1- 1 



Both the IBS and the IRIBS m u s t  be capable of supplying F a r a d a y  

rotat ion,  d i spers ive  doppler ,  and group path delay of the e a r t h ' s  iono- 
s p h e r e  for  m e a s u r e m e n t  by ground-based s ta t ions.  

s y s t e m  which, in the absence  of the ionosphere,  would del iver  to a 

ground-based record ing  station a l inear ly  polar ized 40. 01 MHz signal 

whose e l e c t r i c  vec tor  would r e m a i n  in a fixed direct ion,  and a 360. 090  

MHz signal that  would maintain i t s  harmonic  re la t ion  to the 40 .  010 MHz 

signal.  

20  kHz signal upon ground command.  

T h i s  r e q u i r e s  a 

E a c h  signal m u s t  be capable  of being ampli tude modulated by a 

The  IBS and the IRIBS des igns  have been based  on the Hughes-  

built  HS-303 E a r l y  Bi rd  synchronous communicat ion satel l i te  which h a s  

been  operating successfu l ly ,  without f a i l u r e ,  s ince 6 Apr i l  1965. The  

satel l i te  design will  allow ground command to o r i e n t  and posit ion the 

satel l i te  and command the ionospheric  beacon on and off. 

m i n i m u m  l i fe t ime,  with stationkeeping, h a s  been  de signed into the s a t -  

e l l i t e .  The design wil l  accommodate  o t h e r  e x p e r i m e n t s ,  provided the 

allowable volume,  weight,  and balance do not exceed the s ta ted 

maximums.  

A 3 y e a r  

T h e  pr incipal  difference between the two sa te l l i t es  i s  that  the 

IRIBS r e t a i n s  the or ig ina l  E a r l y  B i r d  satel l i te  apogee motor  which i s  

the 71 pound J P L  Syncom m o t o r .  

remove1 of 28. 5 d e g r e e s .  

vehicle in a 28. 5 d e g r e e  inclined synchronous o r b i t  can  use the E a r l y  

B i r d  apogee motor  to place the IRIBS in a synchronous equator ia l  o r b i t .  

T h i s  m o t o r  c a n  provide a n  inclination 

T h e r e f o r e ,  the IRIBS deployed by an  AAP 

1-2 
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2. IBS MECHANICAL INTEGRATION MODEL 

The  synchronous Apollo radio beacon exper iment  mechanical  

integrat ion model  w a s  delivered to the George  C .  M a r s h a l l  Space F l ight  

C e n t e r  in J a n u a r y  1968. In accordance with NASA C o n t r a c t  NAS 8-21220, 

the IBS model  w a s  designed a s  specified in  Reference  1.  

g ives  a br ief  descr ipt ion of the model. F i g u r e  2-1 i s  a photograph of 

the model  a t  de l ivery ,  F i g u r e  2-2 shows a cutaway view of the model,  

and F i g u r e  2-3  i s  a genera l  a r r a n g e m e n t  drawing of the satel l i te .  

T h i s  sect ion 

T h e  IBS model  can be integrated into a mechanical  integrat ion 

model  of the synchronous Apollo s p a c e c r a f t .  P r o v i s i o n s  have been 

m a d e  fo r  the l a t e r  installation of prototype e lec t ronic  equipment to  

de te rmine  the r-f c h a r a c t e r i s t i c s  of the beacon antenna s y s t e m  and the 

in te r face  of the beacon t r a n s m i t t e r  e lec t ronics  with the sa te l l i t e .  T h e  

Synchronous Apollo R a d i  o Beacon Expe r i ment  me chani cal integrat ion 

model  conforms to the following specifications:  

Outside envelope - The dimensional  to le rances  a r e  sufficiently 

c lose  to p e r m i t  adequate evaluation of spat ia l  compatibil i ty of 

the Synchronous Apollo Spacecraf t  and the Radio Beacon 

E x p e r i m e n t  in both the launch and orb i ta l  configurations.  T o  

all outward appearances ,  the Radio Beacon E x p e r i m e n t  looks  

l ike a flight model  except that the s o l a r  c e l l s  a r e  s imulated.  

Apollo/beacon interface - Since the exac t  configuration of the 

Synchronous Apollo S p a c e c r a f t  i s  not defined a t  p r e s e n t ,  the 

in te r face  hardware  i s  not provided with the model .  

the portion of the interface which i s  an  in tegra l  p a r t  of the 

satel l i te  i s  included on the model ,  and a n  adapter  is  supplied 

to  h a r d  mount the model. 

S t r u c t u r e  - Since the mechanical  integrat ion model  wil l  not 

be used f o r  tes t ing s t r u c t u r a l  integri ty ,  a reasonable  f a c s i m -  

i le  of par ts  h a s  been su’ustitiited, dispeiisi i ig z i t h  t h e  usua l  

quality control ,  inspection, and prec is ion  machining 

p r o c e d u r e s .  

However,  

2 -  1 



4) Mechanical s u b s y s t e m  components - T h e  s u b s y s t e m  

components,  such a s  the hydrogen peroxide reac t ion  cont ro l  

sys tem,  j e t s ,  beacon support  tube,  forward  t h e r m a l  shield,  

and peroxide t a n k s , a r e  nonfunctioning and a r e  made of spin- 

nings o r  machined aluminum. 

Elec t ronic  s u b s y s t e m  components - T h e  s u b s y s t e m  compo- 

nents  a r e  of wood o r  other  s imulat ions of c o r r e c t  s ize .  Since 

the functional e lec t ronic  components m a y  be instal led in  place 

of the s imulated e lec t ronic  components at a l a t e r  date ,  the 

s t r u c t u r a l  and e l e c t r i c a l  i n t e r f a c e s  can  be made functional.  

Weight and balance - T h e  mass and c e n t e r  of grav i ty  of the 

mechanical  integrat ion model a r e  quite c lose  t o  the computed 

values  of the flight v e r s i o n  of the sa te l l i t e .  

Environmental  - T h e  model  can withstand the s t r e s s e s  of 

n o r m a l  l a b o r a t o r y  handling and Synchronous Apollo mockup 

installation. 

5 )  

6 )  

7) 

2 - 2  
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F i g u r e  2-1.  IBS Model Wi th  Solar P a n e l  Removed 

(Photo  ES 1 68 20744)  

F i g u r e  2 - 2 .  IBS Model Cutaway View 

2 - 3  
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3 .  INCLINATION REMOVAL IONOSPHERIC 
BEACON SATELLITE 

The  design of the IRIBS and  IBS is based  on the Hughes-built  

HS-303 E a r l y  B i r d  synchronous communication sa te l l i t e  which h a s  been  

operat ing successfu l ly ,  without fa i lure ,  s ince 6 A p r i l  1965. The p e r -  

f o r m a n c e  and operat ion of these  satel l i tes  will  be n e a r l y  ident ical  a f t e r  

the d e s i r e d  synchronous orb i t  is  achieved. 

a l low ground command to  o r i e n t  and posit ion the sa te l l i t e  and command 

the ionospheric  beacon on and off. A 3 y e a r  m i n i m u m  l i fe t ime,  with 

stationkeeping, has b e e n  designed into the satel l i te .  The design will 

accommodate  o ther  e x p e r i m e n t s ,  provided the allowable volume,  weight, 

and  balance do not exceed the stated m a x i m u m s .  

The sa te l l i t e  design will  

Both sa te l l i t es  will  be deployed f r o m  a manned Apollo vehicle into 

a 28.5 d e g r e e  

28. 5 d e g r e e  orb i t  dur ing  i t s  useful l ife;  the IRIBS will  be deployed i n  a 

l ike m a n n e r  i n  a 28. 5 d e g r e e  orbit .  However,  the IRIBS can  execute  a 

28. 5 d e g r e e  plane change, resul t ing i n  a s ta t ionary  synchronous orb i t  

on the equator .  

incl ined synchronous orbi t .  The IBS will  opera te  in  the 

IRIBS ORBIT CONSIDERATION 

T h e  IBS,proposed a s  a resu l t  of the Ionospheric  E l e c t r o n  Con- 

tent  - Synchronous Orbi t  Beacon Exper iment  Definition (Cont rac t  

NAS 8 -  181 16) ,  does  not have a significant inclination r e m o v a l  capabili ty.  

C u r r e n t  indications a r e  that  the IBS will  b e  deployed f r o m  a n  A A P  

vehic le  in a 2 8 . 5  d e g r e e  inclined synchronous orb i t .  At b e s t ,  the IBS 

hydrogen peroxide control  s y s t e m  could reduce  the inclination only by 

about  4 d e g r e e s .  

of inclination, producing a s ta t ionary orbi t .  

i t s  u s e  a r e  d e s c r i b e d  i n  this subsection. 

However ,  an apogee motor  could r e m o v e  28.  5 d e g r e e s  

Such a n  apogee motor  and 

JPL Syncom Motor P e r f o r m a n c e  

T h e  IBS is bas ica l ly  a n  Early B i r d  satel l i te  with the apogee m o t o r  

r e p l a c e d  by the IBS ionospheric  beacon antenna and  a ni t rogen cold gas  

3 - 1  



sp in-up  tank. 

the E a r l y  Bird apogee motor  which h a s  been in tegra ted  and proven  on 

the E a r l y  Bird satel l i te  and  f i t s  the gene ra l  r e q u i r e m e n t s  for  IRIBS 

incl inat ion removal .  

second Syncom sa te l l i t e ,  i s  the J P L  Syncom m o t o r .  I t s  c h a r a c t e r i s t i c s  

a r e  l i s ted  i n  Table  3 -  1. 

The s imples t  IBS incl inat ion r emova l  technique i s  to  use  

The E a r l y  Bird apogee moto r .  a l s o  used  f o r  the 

The flight mo to r  would be  de l ivered  to Cape Kennedy a p a r t  f r o m  

the IBS. Following sa te l l i t e  checkout and ca l ib ra t ion ,  the moto r  i s  

ins ta l led  in  the s p a c e f r a m e  in  a sp in  ba lance  faci l i ty .  

a l igned so  that i t s  geometr ic  ax i s  coincides  with that of the sa te l l i t e .  

This  e l imina tes  a l l  but insignificant imbalances  in  the sa te l l i t e  and 

a s s u r e s  that the  motor  will  t h r u s t  through the spin a x i s .  

The motor  i s  

The  motor  squib f i r i ng  c i r c u i t r y ,  shown in F igu re  3 -  1, prevents  

acc identa l  apogee moto r  f i r ing ,  but  a t  the s a m e  t i m e  a s s u r e s  that the 

moto r  will  ignite when commanded to do s o .  Two pa ra l l e l  paths ex i s t  

f o r  f i r ing  the moto r .  

d e c o d e r s ,  separa t ion  swi tches ,  and squibs a r e  involved,  but  the squib 

shor t ing  plug is consol idated into a single unit. 

These  paths  a r e  s e p a r a t e  inasmuch  a s  pa ra l l e l  

The  squibs would be  ins ta l led  in  the moto r  when i t  i s  i n s t a l l ed  

into the satel l i te  p r i o r  to mounting on the A A P  vehicle .  

plug would be ins ta l led  d i r ec t ly  into the  squib h a r n e s s  and r e m a i n  

to main ta in  the squibs  in  a safe  configurat ion until i t s  r emova l  by the 

a s t r o n a u t  i n  orbi t .  

A JPL shor t ing  

t h e r e  

Once the squib h a r n e s s  i s  ma ted  to  the s p a c e c r a f t  

the squib f i r ing  c i r c u i t r y  funct ions a s  follows: 

A squib shor t ing  plug, i n s t a l l ed  in  a spec ia l  r ecep tab le ,  

sho r t s  each  squib i n  two p laces .  

a s t ronau t  jus t  p r i o r  to IRIBS deployment .  

Separat ion swi tches  would provide double safe ty  by shor t ing  

the squibs  until sa te l l i t e  s epa ra t ion  f r o m  the  AAP vehic le .  

Once sepa ra t ion  h a s  t aken  p lace ,  the f i r i ng  c i r c u i t  i s  p r i m e d  

for command f i r ing .  

The command to  f i r e  m u s t  b e  p receded  by the closing of a 

safe ty-wired  in t e r lock  swi tch  on the command panel.  

It would b e  r emoved  by the 

A s  an  

3 - 2  



TABLE 3- 1. IRIBS MOTOR CHARACTERISTICS 
( J P L  Syncom) 

P a r a m e t e r  

Tota l  weight 

I n e r t  weight 

Propel lan t  weight 

C e n t e r  of gravi ty  
Inert p a r t s  

Loaded a s s e m b l y  

Dynamic imbalance  
Iner t  parts before  f i r ing  

I n e r t  p a r t s  a f t e r  f i r i n g  

Loaded m o t o r  a s s e m b l y  

T h r u s t  misa l ignment  

Moment  of i n e r t i a  
Loaded m o t o r  

R 011 
P i t c h  (about c e n t e r  of gravity) 

R 011 
P i t c h  (about c e n t e r  of gravity) 

Empty  motor  

P e rf o r m a n c  e,  8 0 O F 
Maximum t h r u s t  
Maximum p r e s s u r e  
Burning t i m e  
Total  impulse  
Ignition s y s t e m  p r e s s u r e  
Ignition t ime 
Isp (vacuum, based  on 

propel lant  weight) 
C a s e  t e m p e r a t u r e  
F i r i n g  t e m p e r a t u r e  limits 
Explosive c lass i f ica t ion  

S torage  t e m p e r a t u r e  limits 
E s t i m a t e d  s t o r a g e  life 

C h a r a c t e r i s  tic 

71.00 pounds (32. 2 kg)  

10. 50 pounds (4. 75 kg) 

60. 50 pounds (27 .4  kg)  

8. 5 inches aft of a t tach  plane 

6. 0 inches aft of a t tach plane 
(21 .6  c m )  

(15.25 c m )  

L e s s  than 1 . 0  oz- in  2 
(183 g m - c m 2 )  

L e s s  than 5. 0 oz- in2  
(915 gm-cm2)  

L e s s  than 50 oz- in2  
(9150 g m - c m 2 )  

L e s s  than 0. 002 i n / i n  

1308 lb- in2  (3820 kg-cm2)  
1648 lb- in2  (4820 kg-cm2)  

163 lb- in2  (476 k g - c m 2 )  
448 lb- in2 (1311 kg-cm2) 

1120 pounds (508 kg) 
250 p s i  (17. 55 kg/cm2) 
.19.7 seconds 
16,600 l b - s e c  (7530 k 

0.013 second 
274. 2 l b - s e c / l b  

360 p s i a  (25.2 k g - c m  f- ) set) 

4 0 0 ° F  
20" to 1 4 0 ° F  
ICC j e t  t h r u s t  unit ,  C l a s s  B 

explo s ive 
20" to 1 3 0 ° F  
i y e a r  at 8 0 ° F  

I 
8 
1 

3 - 3  



I '  

Table  3-  1 (continued) 

P a r a m e t e r  

Igniter 
C i r c u i t  
Re s i s  tanc e 
N o r m a l  fir ing c u r r e n t  
No-f i re  c u r r e n t  

Haza rd  c lass i f ica t ion  
Autoignition t e m p e r a t u r e  

C h a r a c t e r i s t i c  

Two br idges  
1. 1 to  1. 3 ohms 
4 .5  a m p e r e s  a t  24 to  30 volts dc 
1 a m p e r e ,  1 watt  for  5 minutes  

ICC C l a s s  B explosive 
8 5 0 ° F  

each  c i r c u i t  

added precaut ion ,  the execute  pulse  m u s t  be  a t  l e a s t  

3 seconds  long. 

If f o r  s o m e  r e a s o n  the moto r  does  not ignite when the f i r e  

command i s  executed,  the command may  aga in  be  sen t  and  

executed. If th is  f a i l s ,  the redundant decoder  and f i r ing 

circui t  m a y  be used.  

4) 

Incl inat ion Removal Analys is  

To  remove  incl inat ion (i) f r o m  a c i r c u l a r  synchronous orbi t ,  the 

added velocity inc remen t  r equ i r ed  i s  approx ima te ly  equal to 

A V -  2V0 s in  - (1) 
and i i s  the  change i n  

sin(;) 

where  V 

incl inat ion in  d e g r e e s .  T h e r e f o r e ,  

i s  the synchronous orbi t  velocity 
0 

AV(fps) = ( 2 .  0166)( 10 

F igure  3 - 2  shows the final incl inat ion a s  a funct ion of AV, a s s u m -  

ing the  initial o r b i t  i s  synchronous with a 28. 5 d e g r e e  inclination. 
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The velocity i n c r e m e n t  obtained by a n  IBS with the E a r l y  B i rd  

apogee motor  (60.  5 pounds of propel lant)  i s  r e l a t ed  to  the IBS ignition 

weight t h r  ough 

AV = g I  1n[($ - 60.5)] 
SP 

F i g u r e  3 - 3  shows the A V  obtained a s  a function of the IBS burnout  weight.  

Using the I of 274.2 f o r  the J P L  Syncom apogee moto r ,  a s s u m -  SP 
ing a n  init ial  sa te l l i t e  f ina l  o rb i t  weight of 78. 77 pounds,  allowing 

1. 11 pounds f o r  apogee moto r  expendables ,  and 0 . 7  pound of n i t rogen  

f o r  sa te l l i t e  spinup, the  velocity i n c r e m e n t  achieved f r o m  the apogee  

boos t  will  be (from Equation 2 )  

AVAp = 4950 f p s  

F r o m  Equation 1 the veloci ty  inc remen t  r equ i r ed  to  r emove  

28. 5 deg rees  inclination f r o m  a synchronous orb i t  i s  

= 4950 fps  A v ~ ~ ~  

Thus,  the Syncom apogee motor  provides  a pe r fec t  ma tch  to achieve  a 

s ta t ionary  orbi t  with the IRIBS. 

function of satel l i te  weight is given b y  47 f p s / l b .  

changes ,  a n  excess  o r  deficiency of apogee  boost  will  ex i s t .  

misa l ignment  o r  apogee boos t  t h r u s t  e r r o r s  will  a l s o  c a u s e  the  pos t -  

boos t  o rb i t  to deviate  f r o m  the  s ta t ionary .  However ,  the  on-board  

hydrogen peroxide m a y  be  used  to  c o r r e c t  t hese  e r r o r s  and s t i l l  l eave  

sufficient fuel f o r  l o n g - t e r m  stat ionkeeping.  

the c o r r e c t  p re-boos t  a t t i tude i s  d i s c u s s e d  below. 

The  change i n  veloci ty  r equ i r ed  a s  a 

With minor  weight 

Spin axis 

The p rob lem 'o f  achieving 

Inclination Removal F i r i n e  Atti tude 

The  att i tude r e q u i r e d  f o r  apogee  moto r  f i r i ng ,  such  that the 

velocity inc remen t  produces  a s t a t iona ry  o rb i t ,  c o r r e s p o n d s  t o  a dec l i -  

nation of 75.8 d e g r e e s  and a f l igh t  path angle  of z e r o ,  i. e . ,  the spin 

a x i s  i s  in  a plane n o r m a l  to  the r a d i u s  vec to r .  The  veloci ty  t r i ang le  i s  
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i l l u s t r a t e d  in  F i g u r e  3-4. 

the spin ax is  will  be aligned i n  the p r o p e r  a t t i tude with negligible e r r o r .  

The  s p a c e c r a f t  separa t ion  will induce s o m e  att i tude e r r o r ,  which can  

be kept t o  under 0. 5 d e g / s e c  of time e lapsed  p r i o r  to  spinup. 

i s  ini t ia ted within 2 seconds,  the  total  a t t i tude e r r o r  should b e  under  

1 d e g r e e .  

Before s e p a r a t i o n  f r o m  the Apollo vehicle,  

If spinup 

T h e  apogee boost  m u s t  occur when the sa te l l i t e  is  a t  the equator ia l  

c r o s s i n g  t o  r e m o v e  the inclination. Separat ion and spinup will  occur  

s o m e  t i m e ,  perhaps  s e v e r a l  h o u r s ,  p r i o r  to  the c r o s s i n g  i f  a l a r g e  

s p a c e c r a f t  separa t ion  f r o m  the Apollo vehicle  i s  requi red .  

Spacecraf t  att i tude may be de te rmined  f r o m  the sun s e n s o r  data 

t e l e m e t e r e d  t o  the ground station. However ,  s ince these  data  provide 

only one coordinate  of the spin axis a t t i tude,  many days a r e  r e q u i r e d  

to  obtain a n  a c c u r a t e  att i tude determinat ion.  This  is  because  the s u n ' s  

mot ion  i s  n e c e s s a r y  t o  obtain the second att i tude determining coordinate .  

A s s u m i n g  a 1 u- e r r o r ,  E ,  i n  the sun angle readings ,  the att i tude a c c u r a c y  

AS achievable  i n  N days is  approximately given by 

AS = (s) 
E r r o r s  i n  the sun angle  readings m a y  be caused by noisy data o r  s e n s o r  

m i s a l i g n m e n t s .  

IRIBS. 

a t t i tude  t o  within 1 degree .  Since the expected att i tude e r r o r  is on the 

o r d e r  of only 1 d e g r e e ,  it will not b e  n e c e s s a r y  t o  conf i rm the at t i tude 

b y  a pre-boos t  att i tude determinat ion.  

a c c u r a c y  obtained f r o m  a s m a l l  touch-up reorientat ion p r i o r  to  boost 

d o e s  not w a r r a n t  the long n e c e s s a r y  delay.  

i m m e d i a t e l y  provide one component of spin axis at t i tude,  th i s  compo- 

nent  could b e  c o r r e c t e d  by a small  p re-apogee  boos t  reor ientat ion,  thus 

reducing  the on-stat ion peroxide r e q u i r e m e n t s .  

A value of E equal to  0. 2 d e g r e e  is es t imated  f o r  the 

Thus,  6 days would be requi red  to  conf i rm the apogee boost  

The i n c r e a s e d  apogee boost 

Since s u n  angle data  

T h e  r e q u i r e d  spin a x i s  declination of 7 5 . 8  d e g r e e s  c o r r e s p o n d s  

t o  a n  angle  between the spin axis and the e a r t h ' s  polar axis of 

14. 2 d e g r e e s .  Thus the angle a between the ecliptic and the spin a x i s  

3 -7 
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AV, THOUSANDS OF FEET PER SECOND 

"S 

u = 9 0 ° -  i/2 =75.8' 
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will  b e  s o m e w h e r e  between 9 .  2 and 36.6 d e g r e e s ,  depending on the spin 

axis r ight  ascension. 

date.  

f r o m  90 d e g r e e s ,  va lues  of Q g r e a t e r  than 30 d e g r e e s  will  cor respond 

to  9 g r e a t e r  than 1 2 0  d e g r e e s  at c e r t a i n  t i m e s  of the y e a r  and l e s s  than 

60  d e g r e e s  at other  t imes .  Power and t h e r m a l  considerat ions sugges t  

avoiding such  9 angles  even though they will  ex is t  only f r o m  s p a c e c r a f t  

s e p a r a t i o n  through the post-boost reor ien ta t ion  (which will c o r r e s p o n d  

at m o s t  to  a few h o u r s ) .  

up t o  a 3 month per iod .  

of 4 hours  a day  a t  wors t  launch date.  

e l iminated b y  a planned post-deployment att i tude change. 

The l a t t e r  is dependent on both launch time and 

Since (Y i s  a m e a s u r e  of the m a x i m u m  deviation of the sun  angle r$ 

Launch t i m e s  m u s t  t h e r e f o r e  be r e s t r i c t e d  f o r  

The  r e s t r i c t i o n s  should amount to  a maximum 

These  cons t ra in ts  could be 

Boost  E r r o r s  and P e r o x i d e  Correc t ions  

E r r o r s  i n  the apogee boost magnitude or  direct ion,  i. e . ,  t h r u s t  

e r r o r s  o r  a t t i tude misa l ignment ,  will  cause  e r r o r s  i n  the post-boost 

orb i t .  

e r r o r s .  

t o  place the sa te l l i t e  at  the d e s i r e d  longitude t o  r e o r i e n t  the spin a x i s  

n o r m a l  t o  the orb i t  plane and t o  provide stationkeeping. 

pointing nor thward ,  the reorientat ion will  b e  through 166 d e g r e e s ,  

r e q u i r i n g  about 0 . 8  pound of hydrogen peroxide.  

t a r g e t  orb i t  m a y  b e  used  t o  cause a d e s i r e d  init ial  dr i f t  by modifying 

the d e s i r e d  at t i tude.  

velocity (about 0 . 2  pound of peroxide)  per  d e g r e e  of dr i f t  per day. 

Subsequent hydrogen peroxide c o r r e c t i o n s  will  remove  these  

T h e  peroxide will  a l s o  be used t o  induce and then remove  dr i f t  

F o r  an  antenna 

A nonsynchronous 

Inducing or  removing dr i f t  r e q u i r e s  9 .  3 fps  of 

A n  apogee motor  t h r u s t  e r r o r ,  AVB, produces velocity i n c r e m e n t  

e r r o r s  AVN n o r m a l  to  the final orbi ta l  plane and AVT tang.entia1 to  the 

f ina l  veloci ty  vec tor  given by 

= AV C O S  (Y = 0 . 2 4  AVB 
AvT P 

AVN = AV P s i n  Q = 0 . 9 7  AVB 
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A n  e r r o r  in the  sp in  axis decl inat ion A€l produces cor responding  e r r o r s  

given by 

AVT = V P  ( s i n  a) A8 = 84 f p s l d e g  

= V ( c o s a ) A O =  21 f p s l d e g  P 

An e r r o r  in the  sp in  a x i s  r ight  a s c e n s i o n  Aa produces  a n  e r r o n e o u s  

r a d i a l  component of velocity AVR given b y  

AVR = V A Y =  8 7 f p s l d e g  P 

Assuming  3 u  e r r o r s  of 1 deg ree  in  each  component of sp in  a x i s  a t t i tude 

and  1 percent  (50  f p s )  i n  apogee boos t ,  t hese  re la t ionships  imply a 

veloci ty  inc remen t  of 110 f p s ,  o r  sl ightly over  2 pounds of hydrogen 

peroxide t o  achieve  the s t a t iona ry  orb i t .  

veloci ty  e r r o r  i s  c o r r e c t e d ,  using a m o r e  economica l  method of apply-  

ing a tangent ia l  impu l se  9 0  d e g r e e s  l a t e r  i n  the o rb i t .  

This  a s s u m e s  the  r ad ia l  

Thus ,  even  i n  the p r e s e n c e  of w o r s t - c a s e  apogee  boos t  e r r o r s ,  

the  IRIBS can be placed on s ta t ion i n  a s ta t ionary  o rb i t  and s t i l l  r e t a in  

about  7 pounds of hydrogen peroxide f o r  cont ro l .  

t o  the excel lent  ma tch  of the Apollo orb i t .  IRIBS weight ,  and  JPL Synconi 

m o t o r .  Once on s ta t ion ,  e a s t - w e s t  s ta t ionkeeping wil l  r e q u i r e ,  at m o s t ,  

6 fp s  p e r  y e a r  of velocity inc remen t .  Solar  sild luna r  pe r tu rba t ions  wil l  

cause  a n  orb i ta l  incl inat ion buildup at a n  a v e r a g e  r a t e  of about  0 . 9  d e g r e e  

p e r  y e a r .  

of 3 pounds of hydrogen peroxide)  p e r  y e a r  t o  comple te ly  r e m o v e  the  

incl inat ion buildup. However ,  due t o  the re la t ive ly  small incl inat ion 

buildup, the IRIBS wil l  probably not r e q u i r e  no r th -  south s ta t ionkeeping.  

By p rope r ly  se lec t ing  the in i t ia l  incl inat ion a t  about  1. 5 d e g r e e s ,  the 

incl inat ion would d e c r e a s e  to  0 d e g r e e  and then i n c r e a s e  to  1. 5 d e g r e e s  

i n  the  opposite d i rec t ion  ove r  a 3 y e a r  per iod.  

could b e  kept t o  within * l .  5 d e g r e e  ove r  a 3 y e a r  per iod .  

T h i s  i s  p r i m a r i l y  due 

It would r e q u i r e  a veloci ty  i n c r e m e n t  of 160 fps  (on the o r d e r  

Thus  the  incl inat ion 

3 - 1 0  
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IRIBS DESIGN SUMMARY 

T h i s  subsect ion d e s c r i b e s  the design modification required to 

conver t  the IBS configuration descr ibed in R e f e r e n c e  1 into the IRIBS 

satel l i te .  

IRIBS configuration and, with the exception of the beacon antenna, i s  

ident ical  to the E a r l y  B i r d  satell i te.  

i s  shown in  F i g u r e  3 - 5 .  

follows: 

1) 

2 )  

T h e  E a r l y  B i r d  apogee engine h a s  been retained in the 

The  IRIBS g e n e r a l  a r r a n g e m e n t  

O t h e r  basic changes made to the IBS a r e  as  

T h e  antenna length was d e c r e a s e d .  

T h e  beacon antenna was re loca ted  to  the separa t ion  end of 

the spacecraf t .  

T h e  antenna support  s t ruc ture  w a s  redesigned.  

T h e  spin-up s y s t e m  was redesigned and relocated.  

T h e  balance and ballast  weight w a s  reduced to 1. 5 pounds. 

T h e  whip antennas were  relocated.  

T h e  satel l i te  support  s t r u c t u r e  w a s  redesigned.  

3 )  

4) 

5) 

6)  
7)  
T h e  r e p l a c e m e n t  of the apogee engine i n c r e a s e s  the satel l i te  

weight  a t  separa t ion  b y  n e a r l y  a fac tor  of 2 ,  with the final o rb i t  weight 

. remaining unchanged. 

beacon antenna,  a s  shown in  Reference  1, w e r e  studied. The  computed 

ro l l - to-p i tch  i n e r t i a  r a t i o s  showed the satel l i te  to be unstable,  and that  

approximate ly  3 0  pounds would be requi red  to stabil ize the spacecraf t .  

T h e  addition of the requi red  dead weight proved to be imprac t ica l  and 

l e d  to a n  a l t e r n a t e  solution of reducing the length of the beacon antenna. 

S e v e r a l  configurations utilizing the extended 

T h e  s h o r t e r  antenna length o f f e r s  s e v e r a l  advantages,  the m o s t  

i m p o r t a n t  being the el iminat ion of a l a r g e  amount of balance weight 

n e c e s s a r y  to obtain a roll-to-pitch i n e r t i a  g r e a t e r  than one. 

s h o r t e r  antenna a l s o  al lows the u s e  of the separa t ion  s y s t e m  p r e s e n t l y  

i n c o r p o r a t e d  on the E a r l y  B i r d  satel l i te  and a s s u r e s  a clean separa t ion  

which  would b e  difficult  to obtain with the previous antenna 

c onfi gu r at ion. 

T h e  

Relocat ing the antenna to  the separa t ion  end of the spacecraf t  

r e q u i r e s  a m i n i m u m  amount of change to the E a r l y  B i r d  s t r u c t u r e .  

Suppor t  of the beacon antenna will b e  provided by a machined cone that  

3 - 1 1  



a t t a c h e s  to a flange on the t h r u s t  tube.  

wil l  be r i b  mounted f o r  e a s y  a c c e s s .  

The  antenna e lec t ronic  packages 

A two-tank spin-up s y s t e m  h a s  been located in the vacant  payload 

quadrants  1 and 3. 

0. 7 pound (0.  317 kg) of ni t rogen a t  2500 psi (175. 5 kg/crn2)  w a s  ca lcu-  

lated to be 4.  6 inches  (11. 58 c m ) .  The  spin speed of the s p a c e c r a f t  

w a s  assumed to be 150  r p m .  T h e  weight of the two-tank s y s t e m  h a s  

i n c r e a s e d  approximately 1 pound ( 0 . 4 5  kg) o v e r  that  shown in R e f e r -  

ence 1. 

satel l i te ,  a descr:ption of the s y s t e m  i s  included in th i s  r e p o r t .  

Minimum changes to the E a r l y  B i r d  satel l i te  s t r u c t u r e  wil l  be 

T h e  tank d i a m e t e r  needed f o r  s tor ing approximate ly  

Since the spin-up method i s  different f r o m  the E a r l y  B i r d  

r e q u i r e d  if the equipment c a r r i e d  by the s p a c e c r a f t  i s  located so that  

the resul t ing center  of grav i ty  a f t e r  apogee motor  f i r ing p a s s e s  through 

the c e n t e r  of the reac t ion  cont ro l  s y s t e m  tanks.  

r e q u i r e d  to a t ta in  the d e s i r e d  center  of gravi ty  location i s  1 .  5 pounds 

(0 .  68 kg) .  

pounds (64. 58 kg) a s  compared  to 149 pounds (67. 5 kg) f o r  E a r l y  B i r d .  

The  balance weight 

The  p r e s e n t  separa ted  weight of the satel l i te  i s  142. 58 

T e l e m e t r y  and command antennas have been  relocated a t  the 

apogee engine end of the s p a c e c r a f t .  

of the antennas will  be the s a m e  as on E a r l y  B i r d .  

T h u s  the mounting and location 

T h e  spacecraf t  support  s t r u c t u r e  wil l  r e q u i r e  redesigning 

because of the ionospheric  beacon antenna locat ion.  

t u r e  i s  shown in F i g u r e  3-6.  

additional 1. 5 pounds ( 0 .  68 kg) .  

s y s t e m  indicates t h e r e  i s  adequate c l e a r a n c e  between the s p a c e c r a f t  

a d a p t e r  and beacon antenna. 

included l a t e r  in th i s  r e p o r t .  

A proposed s t r u c -  

The  redesigned s t r u c t u r e  wil l  weigh a n  

A separa t ion  a n a l y s i s  of the p r e s e n t  

The a n a l y s i s  and re levant  d i scuss ion  a r e  

T h e  functions of the v a r i o u s  s t r u c t u r a l  e l e m e n t s ,  the descr ip t ion  

of the s t ruc ture ,  and the s p a c e c r a f t  g e n e r a l  a r r a n g e m e n t  a re  d i s c u s s e d  

in Reference 1 and will  not be repea ted  h e r e .  A detai led descr ip t ion  of 

the apogee engine,  assoc ia ted  c i r c u i t r y ,  and the engine c h a r a c t e r i s t i c s  

a r e  presented in the following subsec t ions .  

table of m a s s  p r o p e r t i e s  a r e  a l s o  included.  

would affect  the Apollo in te r face  a r e  d i s c u s s e d  l a t e r .  

A weight s u m m a r y  and 

Additional changes  that  

3 - 1 2  
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F i g u r e  3-6. IRIBS Separat ion System 
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MMENSIONS IN INCHES 

F i g u r e  3 - 7 .  JPL Syncom Motor  
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Inclination R e m o v a l  Motor  

F o r  the IRIBS to achieve a synchronous equator ia l  o rb i t ,  a 

veloci ty  i n c r e m e n t ,  in addition to the veloci ty  i m p a r t e d  by the Apollo 

vehicle ,  mus t  be given to the spacecraf t .  T h i s  i n c r e m e n t  i s  added 

l a r g e l y  by the E a r l y  B i r d  apogee motor .  

capabi l i ty  m u s t  be avai lable  to  achieve and maintain stationkeeping 

because  of uncer ta in t ies  that exist  in veloci ty  i n c r e m e n t s  i m p a r t e d  b y  

both the launch vehicle and the apogee motor .  The  hydrogen peroxide 

cont ro l  unit p rovides  th i s  cor rec t ive  capabili ty.  

Additional veloci ty  c o r r e c t i o n  

T h e  JPL Syncom motor  f i t s  the inclination r e m o v a l  requi rement  

and i s  an  idea l  select ion because i t  w a s  used f o r  the E a r l y  B i r d  launch. 

F i g u r e  3-7 shows an  outline of this engine, and i t s  c h a r a c t e r i s t i c s  a r e  

l i s ted  i n  Table  3-1.  T h e  thrus t  of the apogee engine i s  t ransmi t ted  to 

the spacecraf t  through an at tachment  r ing brazed  to the forward  el l ip-  

tical s u r f a c e  of the motor  c a s e .  N o  o ther  contact  e x i s t s  between the 

c a s e  and s p a c e c r a f t  s t r u c t u r e  o r  components except  f o r  the thin alu-  

minized f i b e r g l a s s  radiation b a r r i e r .  

Weight S u m m a r y  

A weight s u m m a r y  of the IRIBS satel l i te  i s  p resented  in Table  3-2.  

I t  d i f fe rs  f r o m  the weight sumniary  given in Table  I. 8 - 1  of Reference  1 

in  the following ways: 

1) Ionospheric  beacon antenna - The reduced length of the 

antenna r e d u c e s  satell i te weight by approximate ly  50 percent :  

The  p r e s e n t  antenna weight e s t i m a t e  is  0. 69  pound (0 .  31 kg).  

Balance and ba l las t  - T h e  balance and ba l las t  weight h a s  

been reduced f r o m  12. 0 pounds ( 5 . 4 3  kg) to 1. 5 'pounds 

(0.  68  kg). 

reduced length of the ionospheric  beacon antenna significantly 

affected the balance and ba l las t  weight requi red  f o r  the 

d e s i r e d  c e n t e r  of gravi ty  location and the rol l - to-pi tch 

i n e r t i a  r a t i o .  

2 )  

T h e  addition of the apogee m o t o r  c a s e  and the 
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TABLE 3 - 2 .  IRIBS WEIGHT SUMMARY 

Unit 

Ionospheric  beacon t r a n s m i t t e r  

Ionospheric  beacon antenna 

Q u a d r a n t s  2 and 4 

Rece iver  r e g u l a t o r  

Command d i s c r i m i n a t o r  

Pos  tamplif ie  r 

Attenuator  

T e 1 e met  r y t r a n  s mi t t e r 

T e l e m e t r y  r e g u l a t o r  c o n v e r t e r  

Encoder  

Decoder  

A u x i l i a r y  equipment  

Hydrogen peroxide  s y s t e m  1 

Hydrogen peroxide  s y s t e m  2 

Hybr id  balun 

Whip antenna a s s e m b l y  

T e m p e r a t u r e  s e n  s o r  

B a t t e r y ,  1 1 - c e l l  ( 2 )  

B a t t e r y ,  1 0 - c e l l  ( 2 )  

S o l a r  panel ( 4 )  

S t ruc ture  

Nutation d a m p e r  

S o l a r  s e n s o r  ( 2 )  

Wir ing  h a r n e s s  

Ground plane 

Radiation b a r r i e r  

Balance  and  b a l l a s t  

Beacon s u p p o r t  

Spin-up tanks  and equipment  

Apogee engine c a s e  and h a r d w a r e  

Mi s c e l lane ou s 

F i n a l  orb i t  weight  

H 2 0 2  expendables  

In i t ia l  orbi t  weight  

Uni t  Weight ,  
pounds 

3. 0 (1.  36 kg)  

0. 69 ( 0 .  31 kg 

3 . 4 6  (1.  56 kg 

0. 16 (0 .  07 k g )  

0.  02 (0.  009 k g )  

1 . 2 5  (0 .  565 kg)  

1 .  205 (0.  545 kg) 

0 .  18 ( 0 .  081 kg)  

Apogee engine propel lan t  and expendablc~s  1 

i N2 (spinup) 

S p a c r c r a f t  a t  s e p a r a t i o n  
- ._ . -  1 . 

3 - 1 8  

T o t a l  Weight ,  
pounds 

3. 0 (1 .  36 kg)  

0. 69 ( 0 .  31 kg )  

6 .  92 (3.  13 kg) 

3. 95 (1 .  79 kg)  

3 . 8 9  ( 1 . 7 6  kg)  

0. 27 (0.  122 kg)  

0. 64 (0. 29 kg)  

0. 04 (0.  018 kg) 

2 .  50 (1 .  13 k g )  

2 .  4 1  (1.  09 kg) 

9.  15  (4.  14 kg)  

1 2 . 4 4  ( 5 . 6 4  k g )  

0 .  13 ( 0 .  059 kg) 

0. 36 (0 .  163 kg) 

3. 63  ( 1 . 6 4  kg)  

0 . 4 3  (0.  19 kg) 

0. 46 ( 0 .  208 kg)  

1 .  5 ( 0 .  68 k g )  

0 .  5 (0. 34 kg)  

5. 6 3  (2 .  54 kg)  

9 .  87  ( 4 . 4 6  kg)  

2 .  0 (0 .  91 kg) 

68.  91 (31.  3 kg)  

9 .  86 ( 4 . 4 6  kg)  

78.  77 ( 3 5 . 6 5  kg) 
6 1 . 6 1  (27 .  9 k g )  

0 .  7 (0 .  317 kg) 



Beacon support  s t r u c t u r e  - Relocating the beacon antenna to 

the separa t ion  end of the spacecraf t  e l iminated the long 

conical  beacon support  s t r u c t u r e .  

approximate ly  2 pounds (0 .  91 kg) w a s  rea l ized .  

Spin-up tanks and equipment - The two-tank s y s t e m  used in 

the modified design weighs a n  additional 1 pound ( 0 . 4 5  kg) 

b e c a u s e  of the n e c e s s a r y  bracket ing and manifolding, and 

i n c r e a s e d  tank weight.  

Apogee engine c a s e  a n d  h a r d w a r e  - T h i s  unit h a s  been  added 

to  the spacecraf t .  

used on E a r l y  Bi rd  will be requi red  f o r  i t s  instal la t ion.  

Misce l laneous  - Two pounds (0 .  91 kg) a r e  a s s u m e d  to c o v e r  

such i t e m s  as  paint,  s c r e w s ,  insulation, e t c .  

A weight savings of 

No additional hardware  beyond what w a s  

T h e  f ina l  o r b i t  weight of the modified satel l i te  i s  69.  41  pounds 

(31. 98 kg) a s  compared  to 69. 2 7  pounds (31.  35 kg) f o r  the configuration 

shown in R e f e r e n c e  1. Launch weight, however ,  i s  significantly d i f -  

f e r e n t  due to  61. 61 pounds ( 2 7 .  9 kg) of apogee engine propellant c a r r i e d  

by the engine.  

M a s s  P r o p e r t i e s  

E s t i m a t e s  of the total  weight, c e n t e r  of gravi ty  locat ions,  and 

m a s s  moment  of i n e r t i a  about r o l l  and pitch a x e s  of the s p a c e c r a f t  a t  

separa t ion ,  in i t ia l  o r b i t ,  and final o r b i t  a r e  shown in  Table  3-3 .  

Should additional exper iments  be placed on the satel l i te ,  the payload 

m u s t  be r e s t r i c t e d  so that the center  of g rav i ty  location does not change 

by m o r e  than 0. 2 5  inch and that IrO11/Ipitch r e m a i n s  > I .  04. 

p a r i s o n  of Table  3 - 3  with T a b l e I .  8 - 2  of Reference 1 ind ica tes  tha t  the 

IRIBS configurat ion i s  m o r e  stable in  all conditions.  

A c o m -  
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TABLE 3-3. IRIBS MASS PROPERTIES 
~ 

Weight, 
pounds 

69.41 
(31.98 kg) 

80.27 
(36. 33 kg) 

142. 58 
(64. 58 kg) 

C e n t e r  of 
Gravi ty  Z ,  

inches 

12 .4  
(31. 5 c m )  

12.4 
(31. 5 c m )  

13.14 
(33 .4  c m )  

Moments of Iner t ia  

7160 
(20900 
kg- c m 2 )  

8490 
(24750 

2 k g - c m  ) 

9635 
(281002 
k g - c m  ) 

651 3 
(1 9000 
kg- c m 2 )  

7177 
(20950 
kg- c m 2 )  

8406 
(24520 
k g - c m  ) 2 

I Z  z/  
Ixx 

1.099 

1.183 

1.146 

Separat ion -Antenna C l e a r a n c e  

At  satell i te separa t ion  f r o m  the Apollo vehicle the motion of the 

antenna must  be de te rmined  so that  adequate c l e a r a n c e  i s  maintained 

between the antenna and s p a c e c r a f t  a d a p t e r .  

a r e  considered:  the t ip  of the antenna and the point a t  which the l a r g e  

d i a m e t e r  of the antenna t e r m i n a t e s .  

tion can  be descr ibed  by the equation 

Two points on the antenna 

T h e  posit ion of the points in q u e s -  

x = Vst -Lwt 
P 

w h e r e  

V s  = s p a c e c r a f t  separa t ion  veloci ty  
L = distance f r o m  c e n t e r  of grav i ty  to  point of i n t e r e s t  

w = s p a c e c r a f t  tip-off r a t e  

F o r  a separat ion veloci ty  of 4 f p s  (1. 22 m / s e c ) ,  the t i m e  r e q u i r e d  f o r  

the antenna to c l e a r  the s p a c e c r a f t  a d a p t e r  is t = 1 9 . 5 / 4 8  = 0.406 second. 

A 1. 5 degree t ip-off  r a t e  i s  a s s u m e d  with L1 = 3 2 . 6  inches  ( 8 2 . 8  cm)  

and L2 = 24. 5 inches ( 6 2 . 2  c m ) ,  with L 1  and L 2  being m e a s u r e d  f r o m  

the spacecraf t  cen ter  of grav i ty  a t  separa t ion .  
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T h e  value of the separat ion veloci ty  i s  made intentionally low and 

the tip-off rate high. 

the tip-off r a t e  can  be reduced to one-half the a s s u m e d  value.  

With c a r e  in select ing the separa t ion  spr ings ,  

T h e  calculat ions shown in Table  3 -4  indicate that  no i n t e r f e r e n c e  

The  contribution of the tip-off wil l  e x i s t  during s p a c e c r a f t  separat ion.  

rate to the d isp lacement  of the spacecraf t  i s  insignificant.  

separa t ion  ve loc i t ies  and higher  tip-off r a t e s  could be accommodated.  

T h e  motion of the antenna during separa t ion  i s  s h o w n  in F i g u r e  3-8.  

Lower 

Spin-Up S u b s y s t e m  

Var ious  s y s t e m s  m a y  b e  employed to spin up a satel l i te .  On the 

E a r l y  B i r d  launches,  a spin table w a s  mounted between the second and 

third s t a g e s  on ba l l  b e a r i n g s  and spun up by a s e t  of s m a l l  solid p r o -  

pellant rocke t  m o t o r s .  

s tabi l ized the configuration during th i rd  s tage burn .  

Spinning of the th i rd  s tage payload combination 

T h e  ATS p r o g r a m  u s e s  a free-body,  co ld-gas ,  blow-down spin-up 

s y s t e m .  

tha t  the f r e e - b o d y  spin-up approach appeared  to offer only a small 

advantage o v e r  the spin table on a weight b a s i s .  

t ions ,  however ,  made the cold-gas ,  f r e e - b o d y  spin-up approach m o r e  

a t t r a c t i v e .  

val idi ty  of th i s  approach.  

A compara t ive  study made f o r  o t h e r  space  p r o g r a m s  showed 

Reliabil i ty c o n s i d e r a -  

Recent  experience with the ATS launches confirmed the 

Hot g a s  w a s  a l s o  considered a s  a n  energy  s o u r c e  f o r  f ree-body 

spinup; however ,  the exhaust  plume i s  intolerably e ros ive  on the s o l a r  

c e l l s .  

sol id  r o c k e t s .  

T h i s  in to le rance  i s  applicable to bipropel lants  a s  wel l  a s  to 

T h e  co ld-gas  s y s t e m  does not contr ibute  to the so la r  c e l l  e r o s i o n  

o r  contamination problem;  t h e r e f o r e ,  the nozzle can be located c l o s e r  

to  the plane of the c e n t e r  of gravity.  On the Ionospheric  Beacon Sa te l -  

lite, the spin-up j e t s  a r e  located in  the plane of the center  of gravi ty  

90 d e g r e e s  f r o m  the r a d i a l  j e t s .  

p a n e l s  provide a convenient location f o r  the je t  mounting. 

Exis t ing open;ngs between the s o l a r  

3 - 2 1  
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F i g u r e  3-8.  

vs 

Ill s 

T 

Antenna Motion During Separa t ion  

= 4 fps = 1 . 2 2  m / s e c  
w = 1 . 5  d e g / s e c  
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F i g u r e  3-9.  Spin-up S y s t e m  Componen 
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I 
0 
I 
I 
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3 (Tank, Nozz les ,  Squib Valve ,  a n d  I 
I 

S t r a i n  Gauge A m p l i f i e r )  
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T h e  f r e e - b o d y  spin-up function wil l  be provided with a p a i r  of 

tangentially located co ld-gas  nozzle s mounted in the plane containing 

the s p a c e c r a f t  cen ter  of grav i ty  at separa t ion .  

a te  in  a blow-down mode, thereby providing a s imple and rel iable  

m e a n s  of spinning up the vehicle.  

T h i s  s y s t e m  wi l l  o p e r -  

T h e  tanks  will  be p r e s s u r i z e d  to 2500 psia .  Two squib v a l v e s ,  

redundantly connected f o r  high rel iabi l i ty ,  will  be opened by a command 

signal.  

separa t ion  plane on the spacecraf t  and b e a r i n g  on the s p a c e c r a f t  adap-  

t e r .  

reasonably  p u r e  spin-up couple.  

T h i s  s ignal  wil l  be provided by microswi tches  at tached a t  the 

S y m m e t r i c a l  plumbing to  the nozz les  w i l l  be used to a s s u r e  a 

F i g u r e  3 - 9  shows the components of a spin-up s y s t e m .  

s t r a i n  gauge ampl i f ie r  i s  used to check  the p r e s s u r e  of the s y s t e m  

p r i o r  t o  s p a c e c r a f t  separa t ion .  

F i g u r e  3-10. 

T h e  

A mockup of the s y s t e m i s  shown in 

T h e  impulse  r e q u i r e d  to  spin up the satel l i te  may be de te rmined  

f r o m  

T = I  0 z z  

w h e r e  

T = torque = f o r c e  x distance 

I = mass moment  of iner t ia  about spin ax is  zz  
cy = angular  accelerat ion 

T h e  spin speed of the satell i te i s  w = 150 r p m  = 57~ r a d / s e c .  

I,, = 2 . 5  slug-ft2 at separa t ion .  

Assuming the spin speed w i l l  be  reached  in 1 second, and 

= Aw/At, Equation 3 can be wri t ten as: 

F * R * A t = I  A m  z z  

T h e  r e q u i r e d  impulse is  the:: given by 

1 = F A t  = I Z Z A u / R  

w h e r e  R = 14-inch rad ius  ( 3 5 . 6  cm). 

3 - 2 5  
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Substi tuting into Equat ion 5 

I ( l b - s e c )  = 2. 5 ( s lug- f t  2 ) 5 ~ r  r a d / s e c 2  x 1 s e c o n d / ( l 4 / 1 2 )  f ee t  

= 33 .65  l b - s e c  (15. 28 k g - s e c )  

F o r  an N2 sp in-up  s y s t e m .  I = 48. 5 s econds .  T h e r e f o r e ,  
SP 

the weight of r e q u i r e d  N2 equals 

- -  3 3 '  65 - 0. 695 pound (0.  315 k g )  
48. 5 

T a n k  s i ze  wi l l  be effected by the p r e s s u r e  i n  the s y s t e m .  A 

p r e s s u r e  of 2500 ps i  (175. 5 kg/crn2)  i s  p re sen t ly  used on the ATS 

spacec ra f t  and wi l l  be used h e r e .  F r o m  the idea l  gas  equntion, 

P V  = WRT 

w h e r e  

P = p r e s s u r e  (absolu te )  

V = volume 

W = weight of g a s  

R = g a s  cons tan t  

T = absolute  t e m p e r a t u r e  

V = 0. 695 (55. 1 )  x 1 2  (540)/2500 
= 9 9 . 3  cubic  inches  (1627 cubic c m )  

F o r  a two-tank s y s t e m ,  the d i a m e t e r  of the tanks  i s  

1 / 3  
D = [O. 5(99. 3 )  +] 

= 4 . 5 6  inches  (11 .58  cm) 

When calculat ing the weight of the tanks ,  a s s u m e  s t e e l  wi l l  be 

A b u r s t  f ac to r  of 3 will u s e d  with a n  allowable s t r e s s  of 100, 000  ps i .  

b e  u s e d .  The thjr_Pz*ecg req12ireri i s  

3 P D  t = -  
4 u  
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where  

P = 

D = 4. 56 inches  (11. 58 c m )  

u = 100, 000 psi  (7020 k g / c m 2 )  

2500 p s i  (175. 5 k g / c m 2 )  

The  ref o r e ,  

t =  3$7::!(0400:6) = 0. 0856 - 0. 086 inch ( 2 .  18 mm) 

The  weight of the tanks i s  

2 2 Weight = 2 n D  t P  = 2 ~ ( 4 .  56) (0 .  086) 0 . 2 8 3  

= 3. 23 pounds ( 1 . 4 6 3  kg) 

T h e  spin-up s y s t e m  weight breakdown in  pounds is as follows: 

Tanks  

Supports 

J e t s  

Squib valve 

A mpli f i e r 

Plu mb in g 

3. 2 3  

0. 50  

0 . 4 5  

0. 75  

0 .  40 

0. 30 

T o t a l  es t imated  weight i s  5. 63 pounds (2. 55 kg).  

E le c t r i c a l  Power  R e q u i r e m e n t s  

T h e  e l e c t r i c a l  power r e q u i r e m e n t s  of the s p a c e c r a f t  components  

are  summar ized  i n  Table  3-5 .  

which m u s t  be provided b y  the unregulated bus .  

voltage to  the v a r i o u s  r e g u l a t o r s  i s  24. 5 vol t s .  

and decoders  a r e  on continuously f r o m  Apollo separa t ion .  

loads  wil l  be keyed on and off by command.  

The d e m a n d s  a r e  given as  load c u r r e n t s  

T h e  m i n i m u m  input 

R e c e i v e r s ,  e n c o d e r s ,  

All  o t h e r  

3 - 2 8  
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TABLE 3-5. POWER DEMANDS SUMMARY 

Load Condition 

Continuous load s 

Two r e c e i v e r s  

Two e n c o d e r s  

Two d e c o d e r s  

Keyed loads  (for one o r  two 
s i m i l a r  un i t s )  

VHF t e l e m e t r y  t r a n s m i t t e r  

Beacon t r a n s m i t t e r  

Hydrogen peroxide j e t  
solenoids  (each)  

N o r m a l  load during operat ion 
as  Ionospher ic  Beacon Satel-  
lite with two r e c e i v e r s ,  
e n c o d e r s ,  d e c o d e r s ,  one 
beacon t r a n s m i t t e r ,  and one 
t e l e m e t r y  t r a n s  mi tte r 

M a x i m u m  power avai lable  
(output of a r r a y ,  sun n o r m a l  
to spin axis) 

M i n i m u m  power avai lable  
( 3  y e a r  radiat ion degradation 
and sunline 2 3 . 5  d e g r e e s  to 
sp in  axis n o r m a l )  

C u r r e n t  Demand,  
a m p e r e s  

(24. 5 v o l t s )  

0.  250 

0 .  024 

0 .004  

0. 280 

0.694 

0 .450  

1.  252 

1 .  89 

1.  32 

P o w e r  Demand,  
w a t t s  

(24. 5 vo l t s )  

6 .  1 

0. 6 
0. 1 

6 .  9 
17. 0 

11. 0 

30. 7 

46. 5 

32. 5 

When the satel l i te  h a s  been placed in  i t s  f i n a l  o rb i t ,  the beacon 

t r a n s m i t t e r ,  o ther  payload exper iments ,  and e i t h e r  o r  both VHF 

t e l e m e t r y  t r a n s m i t t e r s  m a y  b e  operated on command.  

l i te i s  ecl ipsed b y  the e a r t h ,  the r e c e i v e r s ,  e n c o d e r s .  d e c o d e r s ,  and 

beacon t r a n s m i t t e r  wil l  be operated by b a t t e r y  power.  

When the sa te l -  
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In  addition to  the power requi rements  l i s ted  in T a b l e  3-5,  peak 

c u r r e n t  loads  a r e  requi red  f o r  operation of the solenoid va lves  of the 

hydrogen peroxide cont ro l  subsystem. 

d i rec t ly  to the b a t t e r y  to prevent loss  of s o l a r  a r r a y  power should these 

uni ts  fall "shor t"  o r  i n  the ON position. 

g r a m  i s  shown in F i g u r e  3-11. 

T h e  v a l v e s  are  connected 

T h e  power supply block dia-  

Other  Payload E x p e r i m e n t s  

Weight and t ime s h a r e  power available f o r  o ther  payload exper i -  

The  m e n t s  h a s  changed significantly f r o m  that  shown in R e f e r e n c e  1. 

vo lumes  previously available in the c e n t r a l  cyl inder  and quadrants  1 

and 3 a r e  now occupied by the antenna e l e c t r o n i c s  and the spin-up tanks,  

respec t ive ly .  The volume aft of the aft bulkhead, however ,  i s  s t i l l  

avai lable  (see F i g u r e  3-12) .  

i s  the effect  on the satel l i te  spin dynamics .  

The r e s t r i c t i o n  on the added exper iments  

IONOSPHERIC BEACON ANTENNA SUBSYSTEM 

T h e  antenna shown in F igure  3-13 will  s e r v e  the dual purpose of 

a 40-MHz s h o r t  monopole and a 360-MHz sk i r ted  dipole.  

configuration is  sl ightly different f r o m  the ones  proposed in Reference  1 

f o r  the IBS sa te l l i t e .  

apogee motor  which, in  tu rn ,  required that the antenna be moved to the 

end  of the satel l i te  interfacing with the Lunar  E x c u r s i o n  Module r a c k .  

With the new antenna location, the method of satel l i te  a t tachment  to the 

L u n a r  E x c u r s i o n  Module r a c k  and  the mass moment  of satel l i te  i n e r t i a  

about  the pitch axis become cr i t ica l  functions of antenna length.  

s h o r t  antenna i s  highly des i rab le  f o r  the above mechanical  r e a s o n s .  

T h e r e f o r e ,  a new and s h o r t e r  antenna, which a l s o  a p p e a r s  to be e l e c -  

t r i c a l l y  sa t i s fac tory ,  i s  proposed. 

T h i s  antenna 

T h e  difference w a s  caused by the addition of the 

A 

T h e  sk i r ted  dipole a t  360  MHz wil l  have a radiation pa t te rn  

e s s e n t i a l l y  that of a half-wave dipole. 

and  h a s  a 3-db beamwidth of approximately 80  d e g r e e s .  I t s  peak gain 

i s  expected to be approximate ly  0 db relat ive to a n  i so t ropic  rad ia tor .  

T h i s  pa t te rn  i s  doughnut-shaped 
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T h e  360-MHz antenna i s  f e d  through a coaxial  line (descr ibed  below) 

which a l s o  s e r v e s  as  a matching co i l  f o r  the 4 0  MHz antenna. 

T h e  sk i r ted  dipole will  appear  a t  4 0  MHz like a s h o r t  monopole 

(0.  06 A )  above a v e r y  small ground plane.  

beamwidth,  i t s  radiation c h a r a c t e r i s t i c s  a t  4 0  MHz will  be similar to 

those  a t  360 MHz. 

and a small radiat ion res i s tance .  

t ive component of the monopole impedance i s  difficult without support-  

ing m e a s u r e d  data ,  i t  i s  es t imated that the capacit ive reac tance  of the 

antenna with the dimensions shown in F i g u r e  3-13 i s  approximate ly  

300 o h m s .  

ins ide  a cavity.  T o  keep the coil to a reasonable  s i z e ,  the geometry  

of the antenna will  be adjusted experimental ly  to  keep i t s  capaci t ive 

r e a c t a n c e  a s  low as possible .  

and cavi ty  having a 300-ohm reac tance  a r e  shown in  F i g u r e  3 -  14. 

radiat ion r e s i s t a n c e  of the monopole a t  4 0  MHz will  be approximately 

3 o h m s .  T h e  s e r i e s  combination of radiat ion r e s i s t a n c e  and capaci t ive 

r e a c t a n c e  i s  in p a r a l l e l  with the matching coil .  

t ion r e s i s t a n c e  in p a r a l l e l  with the matching coi l  i s  v e r y  much l a r g e r  

than  the d e s i r e d  input impedance of 50  o h m s .  

m a t c h  the radiat ion r e s i s t a n c e  by tapping the coil  a t  the point where  i t s  

r e s i s t a n c e  to ground equals  50  ohms.  

Except  f o r  a sl ightly l a r g e r  

A s h o r t  monopole h a s  a l a r g e  capaci t ive reac tance  

Although a calculation of the r e a c -  

T h i s  capaci tance will be tuned out with a matching coi l  

The approximate d imens ions  of a coi l  

The  

The  equivalent r a d i a -  

Hence,  i t  i s  possible  to 

Mechanica l  De sign 

T h e  mechanica l  port ions of t h i s  antenna design p r e s e n t  p r i m a r i l y  

s t r u c t u r a l  and fabr ica t ion  problems d i rec t ly  re la ted  to weight and i t s  

d i s t r ibu t ion .  T h e  e l e c t r i c a l  r e q u i r e m e n t s  of the antenna do not place 

a n y  m a j o r  h a r d s h i p  on the mechanical  design;  however,  they do influ- 

e n c e  the mechanica l  design i n  the following ways: 

1) T h e  cavity ( F i g u r e  3-14) in which the two r-f l i n e s  come 

together  must  have good d - c  continuity all around.  

th i s  cavity i s  not  in the c r i t i c a l  weight a r e a ,  a l m o s t  any 

fabr ica t ion  technique m a y  be used,  such a s  d i p - b r a z e ,  weld,  

e t c .  T h e  connec tors  a r e  s tandard  and p r e s e n t  no p r o b l e m s .  

Since 
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The matching co i l  wil l  be made  f r o m  a coax  cable  having a 

solid ou te r  conductor  in  o r d e r  to  keep  the l o s s e s  a t  40  MHz 

to a minimum.  

The dipole ( F i g u r e  3-15)  m u s t  have good d - c  continuity and 

could be made f r o m  any good conducting m a t e r i a l  such  as 

a luminum,  magne s i u m ,  b r a s s ,  e tc .  T h e  dipole,  then,  

becomes  a p r o b l e m  of mechanica l  c o m p r o m i s e  between weight,  

s t r u c t u r a l  in tegr i ty ,  f ab r i ca t ion  technique, and cos t .  

The e l e c t r i c a l  por t ions  of the  an tenna  a r e  not v e r y  use fu l  as  

s t ruc tu re .  

and s t i f fness  m u s t  be independent of the e l e c t r i c a l  opera t ion  

of the  antenna.  

i s  a f ibe rg la s s  s leeve  bonded to  the d ipoles .  

2 )  

3 )  
The s t r u c t u r a l  por t ions  that  contr ibute  s t r eng th  

The  m o s t  obvious a n s w e r  to  a good s t r u c t u r e  

BEAM WELD 
(TYPICAL), 

OUTER CONDUCTOR - c ‘INNER CONDUCTOR 

SN TRANSFORMER SECTION 
(4 ’ FIBERGLASS SLEEVE 

SATELLITE 
STRUCTURE 

F i g u r e  3-14. Cavity and B a s e  of 
Antenna 
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IONOSPHERIC BEACON ELECTRONICS 

The ion0 spher ic  beacon subsys tem contains  the satel l i te  equipment 

n e c e s s a r y  to genera te  the required r-f s igna ls  f o r  m e a s u r e m e n t s  a t  the 

ground s ta t ions.  

360.09 mHz with a n  option of amplitude modulation a t  2 0  kHz. 

quencies  a r e  to be coherent .  

This  involves generating s igna ls  a t  40.01 mHz and 

A l l  f r e -  

This  sect ion d i s c u s s e s  the r e q u i r e m e n t s  and a recommended s y s -  

Many of the r e q u i r e m e n t s  have been handled in previous Hughes t e m .  

exper ience .  

beacon payload. 

These  wi l l  be re la ted to the demands  of the ionospheric  

The basic  r e q u i r e m e n t s  of the beacon payload a r e  given in Table  

3-6.  F r o m  this ,  it c a n  be s e e n  that the genera ted  power should be 1.5 

wat t s  at both 40.01 mHz and 360.09 mHz. F i g u r e  3-16 shows how the r e -  

q u i r e d  power and 65 to 85 percent  ampli tude modulation t r a n s l a t e s  into 

a power s p e c t r u m .  

o r  c a r r i e r  harmonic  dis tor t ion.  

T h i s  a s s u m e s  p u r e  AM with no modulation dis tor t ion 

F i g u r e 3 - 1 7 s h o w s  a genera l  block layout of what is  requi red  in the 

payload. 

shown s e p a r a t e ,  it i s  obvious f r o m  the coherency  r e q u i r e m e n t  that they 

all be phase  locked o r  der ived  f rom s o m e  common signal.  

c o m e s  n e c e s s a r y  to s e l e c t  the best s y s t e m  f o r  re la t ing the three  f requencies .  

While the 40.01 mHz, 360.09 mHz and  ZOkHz g e n e r a t o r s  are  

It then be- 

The r e q u i r e m e n t  of amplitude modulation with l e s s  than 10  p e r c e n t  

h a r m o n i c  d is tor t ion  r e q u i r e s  attention. 

sect ion,  a l a r g e  range of attenuation of signal (up to 21 db) is requi red ,  

and  it is difficult  to obtain l i n e a r  attenuation o v e r  th i s  wide a range.  I t  

i s  n e c e s s a r y  to d e t e r m i n e  j u s t  how nonlinear the attenuation c h a r a c t e r -  

istic c a n  be and s t i l l  m e e t  the 100 p e r c e n t  modulation harmonic  d i s t o r -  

t ion specification. 

amplifiers tend to be somewhat  non-linear and could f u r t h e r  degrade  the 

modulat ion l inear i ty .  This ,  too, m u s t  be cons idered .  

A s  wi l l  be s e e n  in the modulation 

This  problem is  complicated by the f a c t  that  power 

A s u m m a r y  of the key p a r a m e t e r s  of the recommended s y s t e m  i s  

as  follows: 
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TABLE 3 -  6.  T R A N S M I T T I N G  E Q U I P M E N T  R E Q U I R E M E N T S " '  

Coherent  t ransmi t t ing  f requencies  

Relative phase j i t t e r  

Generated and radiated power (as -  
suming Odb antenna gain)  

C e n t e r  frequency stabil i ty 

Modulation frequency ( c  o he r e n t  
with 40.01 and 360.09 mHz 
f requencies )  

Modulation type 

Percentage  of modulation 

Modulation ha r mo nic di s to r t io n 

D-C input voltage 

R F I  requi rements  

Incidental F M  

T e l e m e t r y  points 

Te lemet ry  voltage 

Control  

40.01 mHz,  360.09 mHz 

1 radian/minute  

1.5 wat ts  total  power a t  both 
f requencies  

L 0. 005 p e r c e n t  a t  e a c h  
frequency 

20  kHz 

Amplitude modulation 

65 to 85 p e r c e n t  

10  p e r c e n t  

24 t i  p e r c e n t  

Spurious and h a r m o n i c s  50 db 
below c a r r i e r  l e v e l s  

0.5 kHz at 40.01 mHz 

P o w e r  output and temperaturc  

0 to - 5  volts 

P o w e r  O N  - O F F  f o r  e i ther  
output f requency  

Modulation ON - O F F  f o r  
e i t h e r  output f requency  

10.87 wat t s  $: Total required d-c power 

Weight 3.0 pounds 

Approximate module volume 56 cubic inches  
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F i g u r e  3- 16. Generated and Radiated 
Spec t rum f o r  65 and 85 P e r c e n t  

Amp1 i t ude 
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m 

360.09 MHz 
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a )  L a r g e  O r d e r  Mult ipl ier  

-l 

b)  Mixing System 

5.00125 MHz x 9 360.09MHz 
OSCILLATOR MULTIPLIER MULTIPLIER 

q:1-. 20.005 kHz 

c )  S tanda rd  C i r c u i t s  

F i g u r e  3 -  18. A l t e rna te  F r e q u e n c y  Genera t ion  Methods 
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Development of Modulation and Output F r e q u e n c i e s  

This  sect ion i s  devoted to obtaining coherent  s ignals  at  2 0  kHz, 

40.01 mHz, and 360 mHz. 

times the 40.01 mHz H F  signal the e a s i e s t  way to keep them coherent  is 

to  develop the UHF signal by u s e  of X 9 mul t ip l ie r  f r o m  40.01 mHz. 

immedia te ly  p l a c e s  a r e  s t r ic t ion  on the modulation. Since mul t ip l ie rs  

a r e  v e r y  nonl inear ,  ampli tude modulation i s  quite difficult to  maintain.  

P r e v i o u s  exper ience  a t  Hughes has shown that a l i n e a r  output signal is  

difficult to maintain o v e r  the range of power leve ls  involved in 65 to 85 

percent  AM modulation. Therefore ,  the AM must  be imposed a f t e r  the 

s ignals  are  developed. 

Since the 360.09 mHz UHF signal i s  nine 

This  

In o r d e r  to make the 20kHz modulation frequency coherent  with the 

r - f  f requencies ,  one of s e v e r a l  methods could be used. 

configurat ions a r e  blocked out in  F igure  3 -  18. F i g u r e  3 -  18a u s e s  a l a r g e  

o r d e r  mul t ip l ie r  to d i rec t ly  generate  the 40.01 mHz signal f r o m  a 20kHz 

osc i l la tor .  

f luctuat ions in  the 2 0  kHz osci l la tor  a r e  a l s o  multiplied by a fac tor  of 

2000 so that  the signal would not meet  the incidental  F M  specification. 

T h r e e  possible  

The disadvantage of t h i s  s y s t e m  is that any phase o r  f requency 

In the mixing s y s t e m  shown in F i g u r e  3-18b the stabil i ty of the 

40.01 and  360.09 mHz signals  a r e  good but the 20  kHz stabil i ty is  poor  

because  it is d e r i v e d  f r o m  the small difference between the l a r g e  n u m b e r s .  

The configuration of F i g u r e  3-18c main ta ins  good stabil i ty in both 

A s  will be noted l a t e r ,  Hughes h a s  had much the r-f and  audio s ignals .  

exper ience  with the types of frequency multiplications involved. 

t ion the divide by 250 c i r c u i t s  c a n  be built with a small number  of inte-  

g r a t e d  c i r c u i t s .  The choice of a 5-mHz s tandard  osc i l la tor  i s  a logical  

one b a s e d  on ( I )  the availabil i ty and p r i o r  usage of c r y s t a l s  in th i s  f r e -  

quency range ,  and  ( 2 )  the fac t  that 5 m H z  is  well  within the frequency 

l imi ta t ions  of c u r r e n t  in tegra ted  c i rcu i t  technology. 

In addi-  

Hughes h a s  recent ly  del ivered a satel l i te  using a number  of mult i -  

p l i e r s  generat ing f r e q u e n c i e s  both in  the 40-50 mHz range and 300 to 

450 m H z  range  and  multiplications of 8 to  10. 

u n i t s  is the s tep r e c o v e r y  diode. 

The bas ic  device of these  

The s tep  r e c o v e r y  diode i s  a special ly  
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FIN = 4 T O 6 M H r  

AMPLIFIER 

STEP RECOVERY 
X 7 MULTIPLIER 

A N D  3 STAGE FILTER 

X 10 MULTIPLIER AMPLIFIER 

150 mw + AMPLIFIER 

F i g u r e  3 -  19 .  F l igh t  Module F r e q u e n c y  F i g u r e  3-20 .  F r e q u e n c y  Mul t ip l i e r  
M ul t i  pl i e r Block D i a g r a m  of F l igh t  Module 

F i g u r e  3-21.  Output  S p e c t r u m  
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graded  P N  junction device which h a s  the p r o p e r t y  that the s torage  of 

cha rge  dur ing  f o r w a r d  c u r r e n t  conduction i s  enhanced .  

ren t  r e v e r s e s ,  the s to red  charge  i s  d ra ined  off unti l  i t  is exhausted.  

At th i s  point, t h e r e  i s  a n  ex t r eme ly  shor t  per iod  in  which the c u r r e n t  

i s  tu rned  off. 

r en t  "s tep" can  be inductively coupled, and with p r o p e r  matching,  the 

d e s i r e d  h a r m o n i c  can  be picked out of the resu l t ing  voltage spike with 

an eff ic iency approaching 2 /n  where n i s  the o r d e r  of multiplication. 

In o r d e r  to  f u r t h e r  reduce  the neighboring h a r m o n i c s ,  i t  i s  n e c e s s a r y  

to in t roduce  f i l t e r ing  which tends to reduce  eff ic iency cons iderably  f o r  

a high o r d e r  (X7 and above)  mult ipl ier .  

a unit tha t  with l i t t le  modification could produce  the f r equenc ie s  d e s i r e d  

in  the beacon payload. 

showing the funct ions and power leve ls  in the unit. 

12v *5 p e r c e n t  and the opera t ing  range  i s  - 5 ° F  to t 1 5 0 " F .  

s p e c t r u m  of the unit ( F i g u r e  3-21) shows all s p u r s  to be g r e a t e r  than 

50 db down a t  w o r s t - c a s e  t empera tu re .  

divis ion,  and the hor izonta l  scale  is about 1 0  MHz p e r  division. 

i n n e r  l ines  a r e  the  ha rmon ics  of F while the 10 F l ines  a r e  below 

the 70  db dynamic range  of the  ana lyzer .  

loosely coupled tank c i r c u i t s  for f i l t e r ing  eas i ly  a l lows the  50 db 

spur ious  specif icat ion to b e  me t .  

When the c u r -  

T h i s  t i m e  is  typically 0. 1 to  0. 5 nanosecond.  T h i s  c u r -  

F i g u r e  3-19 i s  a photograph of 

F i g u r e  3-20 i s  a b lock  d i a g r a m o f  the unit 

D-C voltage i s  

The  output 

The  v e r t i c a l  sca le  i s  10 db p e r  

The 

in' i n  
Note that  the use  of t h r e e  
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Modulation 

The p r o b l e m s  inherent  in  high p e r  centage ampli tude modulation 

can be s e e n  by real iz ing that  the peak rms  voltage to minimum r m s  

voltage r a t i o  is given by 

i t m  
1 - m  

Where m is the degree  of modulation for  a range of 65% to 8 5 % ,  this  

voltage r a t i o  goes f r o m  4.  7 to 12 corresponding to a power var ia t ion  

of 1 3 . 4  db to 22 db. 

than 10% modulation harmonic  distortion r e q u i r e s  spec ia l  considerat ion.  

The design of t r a n s i s t o r  A M  t r a n s m i t t e r s  r e q u i r e s  different  

Obtaining this high a power var ia t ion with l e s s  

cons idera t ions  than those f o r  c lass ica l  c i r c u i t s  used f o r  vacuum tube 

transmitters. 

col lector  c u r r e n t  is re la t ive ly  insensit ive to col lector  voltage.  

istor V - I  c u r v e s  r e s e m b l e  pentode c u r v e s  i n  this r e s p e c t .  

n o r m a l  vacuum tube A M  t r a n s m i t t e r ,  the plate voltage of the f inal  

R F  s tage  is v a r i e d  in r e s p o n s e  to the modulation waveform. 

modulation is used ,  the plate voltage v a r i e s  f r o m  twice th 

to z e r o .  

s c h e m a t i c  of a tube t r a n s m i t t e r  and F i g u r e  3-2213 shows the load line 

for  this  c a s e  plotted on a n  idealized t r iode curve .  

T h e  m o s t  important  r e a s o n  for th i s  i s  that  t r a n s i s t o r  

T r a n s  - 

In the 

If  100% 

DC voltage 

T h i s  si tuation i s  shown in F i g u r e  3-22. F i g u r e  3-22a is  a 

I t  can  b e  s e e n  that  when the plate  voltage i s  double the DC vol t -  

a g e ,  the plate c u r r e n t  is a l s o  doubled and  t h e  power is 4 t i m e s  the 

no modulation value.  

l i tude modulation. 

This  i s  the r e q u i r e d  condition for  l inear  a m p -  

T h e  situation f o r  t r a n s i s t o r  s t a g e s  i s  shown in F i g u r e  3-23. 

Doubling the col lector  voltage does not double the col lector  c u r r e n t  

peak .  T h e r e f o r e ,  100% modulation is not possible  with the conditions 

depicted.  

modulated a t  thz s a m e  t ime a s  the col lector  voltage. 

c i r ~ l l i t  a-rrangement  w h e r e  all of the t r a n s i s t o r  d r i v e r  s tages  a r e  

modula ted  in o r d e r  to achieve a high modulation percentage .  One 

advantage of this is that  high efficiency is maintained throughout the 

modulat ion swing. 

Ful l  modulation i s  possible only i f  the d r i v e  leve l  is 

This  leads to a 
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Another type of p rob lem encountered with th i s  type of AM method 

is the relat ively high col lector  voltages.  

is given by 

The peak  col lector  voltage 

2 ( 1  t m) vcc 
Since m o s t  available R F  t r a n s i s t o r s  are designed for  only 2 V 

spec ia l  t r a n s i s t o r s  o r  se lec ted  units m u s t  be used .  

breakdown voltage and col lector  efficiency are conflicting t r a n s i s t o r  

r equ i r emen t s ,  the efficiency of the t r ansmi t t e r  is somewhat  reduced.  

c c  
Because  high 

Another method of developing the AM signal  is to use  a low level  

modulator  followed by a l inear  ampl i f ie r .  Typically,  the power 

ampl i f i e r s  of a l inear  ampl i f ie r  a r e  r u n  c l a s s  B .  

the efficiency of this  kind of s tage  i s  reduced .  

F i g u r e  3 -24which i s  the output waveform f r o m  the c l a s s  B s tage .  

theore t ica l  efficiency, q ,  for this  i s  given by 

With AM s igna ls ,  

To see  th i s ,  consider  

The 

Where a is the r a t io  of z e r o  to peak output swing to col lector  voltage,  

. F o r  a modulation frequency, w and a n  index of modulation, vcc mod'  
m ,  a is given by 

1 t m cos (amod t )  
a =  1 t m  

The ave rage  efficiency, q over  the modulation cycle is thus given by: 

rl= 100 x- - 4 = ( l  i t m  1 % 
Thus ,  q , goes f r o m  47. 5% to 42.  5% for 65% to 85% modulat ion.  

ana lys i s  a s s u m e s  that the output v a r i e s  l i nea r ly  with the input ( i .  e . ,  

the modulation r e m a i n s  a t  the s a m e  p e r c e n t a g e ,  and  t h e r e  i s  no 

modulation harmonic  d is tor t ion) .  

l i f ie r  design m u s t  be made  to obtain this .  

in  a v e r a g e  C 

the tuning and degrade  efficiency, To  eva lua te  how well  this p r o b l e m  

can be circumvented,  a l inear  ampl i f i e r  p r o g r a m  w a s  p e r f o r m e d  r e -  

cently a t  Hughes in connection with the O.P .L.E.  s y s t e m  (Cont rac t  NAS 

5-10174),  in which a 136 m H z  with a wide dynamic  range  w a s  developed. 

Th i s  

Special  cons idera t ion  in  the a m p -  

F a c t o r s  s u c h  as var ia t ions  

of the t r a n s i s t o r  with output power  would tend to change ob 
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The p e r f o r m a n c e  cu rve  for  this is shown in F igu re  3-25.  A s  can be 

seen ,  the cu rve  i s  quite l i nea r  reflecting only s o m e  sa tu ra t ion  a t  the 

high end .  

The se l ec t ion  of t r a n s i s t o r s  i s  de t e rmined  by d iss ipa t ion ,  

co l lec tor  breakdown, and peak  power out. 

peak  power out is given by 

F o r  a n  A M  signal,  the 

P 
2 avg. 

1 t m  

w h e r e  P 

2 .  52  Pavg f o r  6570 to 8570 modulations.  

p rac t i ce  would dictate that  the t r a n s i s t o r  be ra ted  a t  P p e a k  output a t  

the d e s i r e d  output f r equency  a n d  a t  the max imum diss ipat ion possible  

for  the range  of power leve ls  covered in the modulation. 

pation i s  given by 

i s  the ave rage  power out. T h i s  v a r i e s  f r o m  2.  24 to 
avg 

Conserva t ive  engineer ing 

The d i s s i -  

4 2 (z -  ' I a  Ppeak 

2 Which is max imum a t  a = y  

or :  

2 
P 

2 avg .  
- 4 - 4 (1  t m )  --P - -  

n 2  i t  i / 2 m  pdiss  n 2  peak 

This  f igu re  v a r i e s  f r o m  . 9 P to 1 .  1 P fo r  65% to 85% modulation. 
avg avg 

Thus the d iss ipa t ion  ra t ing  of the t r a n s i s t o r ,  over  the en t i r e  t e m p e r -  

a t u r e  r ange ,  should be  a t  l e a s t  the d e s i r e d  power out. 

Having decided on using a l inear  ampl i f i e r ,  the p r o b l e m  r e m a i n s  

of obtaining the l i n e a r  amplitude modulat ion.  

a vol tage cont ro l led  gain element  (with posi t ive o r  negative gain,  in 

db depending on whether  a gain control led ampl i f i e r  o r  a voltage 

con t ro l l ed  ampl i f i e r  o r  a voltage cont ro l led  a t tenuator  is u s e d ) .  

a modulat ion e l emen t  can be cha rac t e r i zed  by: 

This  amounts  to using 

Such 
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v = o  

F i g u r e  3-24. Output Waveform in 
C l a s s  B Stage 

"HOD 

F i g u r e  3-26. Modulator  F l o w  D i a g r a m  
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This  i s  d i a g r a m e d  in F igu re  3-26 where  f i s  a s s u m e d  independent of 

be the gain, Vin in  o r d e r  to avoid p a r a m e t r i c  effects .  Lett ing g =- Vout 
Vin 

minimize  the 

we would l ike the gain to be a l inear  function of V in o r d e r  to mod 
modulation harmonic d is tor t ion ,  i .  e . ,  

df 
= Constant 

dVmod 

For the usua l  c a s e  that f ( V  

be  a d is tor t ion  of the waveshape of V 

in t e re s t ed  in the c a s e  that V 

) i s  not a constant ,  the modulation w i l l  
mod 

In pa r t i cu la r ,  we a r e  mod’ 
i s  a s inusoidal  s ignal  

mod 

- 
Vrnod - v m  ‘Os CWrnodt] 

W e  would then expect that the gain a s  a function of t ime  would be 

wr i t ten :  

[2 Wmodt] t - * . [wrnodt] g 2  ‘Os 
g ( t )  = g t g cos 0 1  

= $  g N cos [N wmodt] 

N = O  

The ha rmon ic  dis tor t ion,  H is  then given by 

The  l a s t  substi tution comes  f rom P a r s e v a l ’ s  t h e o r e m .  W e  would l ike 

s o m e  e a s y  way to re la te  H to 
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F o r  instance,  

df 

Vmod 

is constant,  € 

if 

- - - .  As a n  approximation,  consider  the poss j  .e cu rve  

of f (Vmod) shown in F igure3-27  where  the two s t ra ight  l ines  fi t ted a r e  

c lose  as possible ( s a y  by l e a s t  mean  s q u a r e s  f i t ) .  

approximate g ( t )  by 

We can  then 

t)  mod g ( t )  = g' t a1 cos ( w  

for  
cos  bmod t )  negative, 

= g' t a2 cos (OrnOdt) 

for 

cos (amodt) posit ive.  

a 
Letting a = , the ha rmon ic  dis tor t ion i s  then given by: 

O 1  

If this  is solved for H = . 1,  we get  that  a = . 4 .  

this  i s  that a var ia t ion  of 2 1/2 to 1, in s lope  of f (Vmod) v e r s u s  

Vmod' 

a modulator such  as the one shown in F i g u r e  3-26. We c a n  obtain the 

peak  power out by getting the peak  gain, 

The s ignif icance of 

will s t i l l  keep the ha rmon ic  d is tor t ion  within the 10% l imi t .  

I t  is a l s o  useful  to consider  the a v e r a g e  power that p a s s e s  through 

g p e a k '  

2 ) P i n  - 
Ppeak - (gpeak  
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( F o r  instance in  F i g u r e  3-27 g = g' t a2). We s a w  previous ly  that  peak 

Thus ,  the a v e r a g e  power through a modulator  a s s u m i n g  that the 

ha rmon ic  d is tor t ion  is negligible ( s a y  under  1 0 % )  is given by 

w h e r e  

goes  f r o m  .44  to . 4  as the modulation goes f r o m  65% to 8 5 % .  

advantage of using this s o r t  of low leve l  modulator  i s  that  the t emp-  

e r a t u r e  effects on the l inear  amplif ier  following can be compensa ted  

f o r  by varying g 

An 

peak'  

- V  M 0 'VM "MOD 

F i g u r e  3-27. Gain V e r s u s  Voltage 
Modulation 
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X 8 MULTIPLIER 

HF POWER 1 -  POWER INDICATION 

b DRIMRAND 
LOGIC CONTROL 
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MULTIPLIER 

ON-OFF 
HF MODULATION I 

6~-OFF I 
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c 
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b 

F i g u r e  3-28. Beacon System Block Diagram 
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R e commend e d C onf i g u r  a t i on 

F i g u r e  3-28 i s  a block diagram of a possible  beacon payload. T h i s  

i s  a logical  breakdown i n  t e r m s  of modules .  The osc i l l a to r  package can  

be obtained as  a s tandard  c o m m e r c i a l  i t e m .  The low f requency  mul t i -  

p l i e r  c a n  be  tuned u p  and  the c r i t i ca l  b ias ing  of the s t ep  r e c o v e r y  diode 

done as a s e p a r a t e  unit .  

ampl i f i e r  c a n  be t e s t ed  with a s tandard  gene ra to r  before  ma tch ing  to  the 

low f requency  mul t ip l i e r .  

f o r  the s a m e  r e a s o n  a s  the H F  mul t ip l ie r .  

v e r y  ca re fu l ly  ma tched  to 50 ohms. 

of the sugges ted  VHF modu la to r ,  which is  m a d e  a s e p a r a t e  package to  

a l low the  input  of the V H F  power ampl i f i e r  to  be  a l s o  ma tched  to  50 ohms .  

T h e  modulation d r i v e r  and logic cont ro l  package would then contain the 

r e s t  of the c i r c u i t r y  needed: the f250 and modulation d r i v e ,  plus  the 

power supply fo r  the power ampl i f ie rs  to allow switching off of the uni t s  

i f  d e s i r e d .  

The high f requency  modula tor  and power 

The V H F  mul t ip l i e r  m a k e s  a logical  package 

In addition, i t s  output can  be 

Th i s  i s  impor t an t  to  the opera t ion  

The following is a detailed breakdown of the uni t s .  

O s c i l l a t o r  C i r c u i t  

T h e  r e q u i r e m e n t  of 0 .  00570 f requency  s tabi l i ty  r e q u i r e s  a c r y s t a l  

con t ro l l ed  osc i l l a to r  but  not a n  oven cont ro l led  unit. 

u s ing  a n  oven would be about 1 / 4  pound i n  weight and 5 wat ts  of power.  

A TO - 5 r ibbon mount  c r y s t a l  f o r  low phase  j i t t e r  under  v ibra t ion  

conditions"' is  sugges ted  as  the 5. 0 0 1 2 5  MHz re fe rence .  

t r a n s i s t o r  o sc i l l a to r  and  ampl i f ie r  c i r cu i t  i s  u s e d  to  genera te  the 

r e q u i r e d  30 mw a s  shown in Table  3-7 which l i s t s  the expected p e r f o r -  

m a n c e  of the suggested unit. 

The penal ty  f o r  

J, 

A s imple  4 

Low F r e q u e n c y  Mult ipl ier  

T h i s  would be  a unit with the spec i f ica t ions  shown in  Tab le  3-8.  

F i g u r e  3 -18  shows a detai led breakdown of the suggested c i r cu i t .  A s  i s  

.b '0% 

R .  Sydnor ,  J .  J .  Caldwel l ,  and B .  E .  R o s e ,  "Frequency  Stabi l i ty  
R e q u i r e m e n t s  f o r  Space Communications and Track ing  S y s t e m s ,  I '  

P r o c e e d i n g s  of the I E E E ,  V O ~ .  54, pp. 231-236, F e b r u a r y  1966.  
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TABLE 3- 7. EXPECTED PERFORMANCE O F  
OSCILLATOR CIRCUIT 

o u t p u t  

lOOoF T e m p e r a t u r e  var ia t ion  

5 .00125  MHz a t  30 m w  

Frequency  Stability over  0 to . &o. 00370 

Frequency  Stabil i ty over  *lTo 

F requency  a c c u r a c y  *o. 00 1% 

*o. 000 1% 
I v a r i a t ion  f rom 24 Volts supply 

DC P o w e r  24 Volts a t  25 ma (600 mw) 

TABLE 3 - 8 .  LOW FREQUENCY MULTIPLIER SPECIFICATION 

Input 

ou tpu t s  

DC 

5.00125 MHz a t  30 m w  

Two 40 .01  MHz Signals  
a t  5 m w  e a c h  

24 V at 30 ma ( 7 2 0  mw) 

shown the f i r s t  ampl i f i e r  b r ings  the input s igna l  up to 100 mw. 

exper ience  at Hughes h a s  been  that this  is a good dr ive  level  to i n s u r e  

s table  operat ion of the s t e p  r ecove ry  diode. 

c i r cu i t  would follow the diode X8 mul t ip l i e r  and should i n s u r e  that the 

neighboring 35 and  45 MHz ha rmon ics  a r e  a t  l e a s t  60 db down ove r  the 

en t i r e  t empera tu re  range.  In addition, t h e r e  should be addi t ional  r e j e c -  

tion of the 5 MHz sidebands due to the tuned ampl i f i e r  s t ages .  

this should keep s p u r s  on the 40 .01  MHz s igna l  wel l  below the 50 db 

specification, the added r e j ec t ion  becomes  quite i m p o r t a n t  to mee t ing  

the specif icat ion on the 360. 09 MHz signal.  

s idebands,  on a s ignal  that  i s  mul t ip l ied  in  f requency ,  a r e  usua l ly  

degraded  by a f ac to r  of 20 log N,  where  N i s  the  mul t ip l ica t ion  f a c o r .  

Thus  the 5 MHz s p u r s  in  the 40 .01  MHz s igna l  a r e  deg raded  by  19 db 

when mult ipl ied by a f a c t o r  of 9 to 360. 09 MHz. 

on the 4 0 . 0 1  MHz s igna l  should ac tua l ly  be 70  db down. 

ges ted  c i rcu i t  c a n  m e e t  this r equ i r emen t  c a n  be s e e n  f r o m  F i g u r e  3-21  

where  the low f r equency  s idebands have been  degraded  by 20 db and a r e  

55 db down in  the output s igna l  a t  w o r s t  c a s e  t e m p e r a t u r e .  

P r e v i o u s  

A t h r e e - s t a g e  coupled L-C 

While 

This  is due to the fac t  that  

A s  a re su l t ,  the s p u r s  

Tha t  the sug -  
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A s  i s  noted in  F i g u r e  3-29,  the mul t ip l i e r  i s  followed by an  

T h e  l imiting i s  n e c e s s a r y  to  minimize  output ampl i f i e r  and l imi t  s tage .  

power va r i a t ion  due to t e m p e r a t u r e  e f fec ts  on the s t e p  r e c o v e r y  diode. 

H F  Modulator and P o w e r  Amplif ier  

Tab le  3-9 g ives  the b a s i c  specif icat ions f o r  th i s  unit, and F i g -  

A s  i s  shown, t h e r e  i s  a buffer u r e  3 -30  i s  a detai led block d i ag ram.  

s tage  preceding  the modulator stage.  F i g u r e  3-31  shows the suggested 

modulation s c h e m e .  

the gain of the s tage  i s  given b y  

With RL represent ing  the to ta l  co l lec tor  loading, 

F o r  s m a l l  enough s igna ls  a c r o s s  R d s ,  the r e s i s t a n c e  f r o m  d r a i n  to  

s o u r c e  of a n  F E T  i s  given by 

w h e r e  VT i s  a th re sho ld  voltage and K a constant .  

gain of the s tage  is given by: 

F o r  this  c a s e ,  the 

a l i n e a r  function of V which should min imize  

d i s to r t ion  a s  w a s  d i s c u s s e d  in the modulation 
g 

m o dula ti on harm oni c 

sect ion.  

T h e  modula tor  is  followed by two c l a s s  B s t ages .  P o w e r  leve ls  

shown a r e  wel l  within the capabi l i t ies  of the 3uggested t r a n s i s t o r s .  

output  t r a n s i s t o r  i s  r a t ed  a t  9 watts a t  40  MHz.  

output power ,  if needed ,  would be qui te  easy .  

The 

T h u s ,  a n  i n c r e a s e  in 

A low p a s s  l i l t e r  to b r ing  the second ha rmon ic  8 0 . 0 2  MHz s igna l  

below the 50 db down specification m a y  a l s o  be r equ i r ed .  

t ap-of f  can  be provided by a hot c a r r i e r  half-wave r ec t i f i e r  c i rcu i t .  

The t e l e m e t r y  
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40.01 MHz AT 5 mw TO 
HF MODULATOR AND 4 

, P W R  AMPLIFIER +; 

5.00125 MHz 
AT 30 mw 

b 

I 1 
W&ND STEP RECOVERY DIODE 40.01 

INPUT 100- X 8 W L T l R l E R A N D  HYBRID 
3DB 

POWER 2NZ192 
SPLITER 

3 STAGE L-C FILTER 2N707 
AMPLIFIER __* 

H p  - 0114 

HF MODULATOR CLASS A CLASS B 40.01 MHz 
AT 4 m i  10 mw (TRANSISTOR AND 10 mw STAGE \? SECOND STAGE 

OFLINEAR 4 LINEAR AMPLIFIER 
AMPLIFIER 2N3553 

BUFFER 

2N707 
FET COMBINATION) 4 AMPLIFIER 4 

2N707 

Figure  3-29 .  Low Frequency  Mult ipl ier  Block Diagram 

1 . 5 W  

2N3118 2N3386 

A 

F i g u r e  3 - 3 0 .  H F  Modulator  and  Power  Ampl i f ie r  Block Diag ram 

F igure  3 -  3 1. Suggested H F  Modulator  
Ci  r cuit  
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TABLE 3-9 .  H F  MODULATOR AND POWER 
AMPLIFIER SPECIFICATIONS 

T e l e m e t r y  Output P o w e r  Out Indication with 
0 t o  5 Volts 

23 Volts at  200  ma ( 4 . 6  wat t s )  

40. 01 MHz a t  4 m x  

40. 0 1  MHz at 1.  5 wat t s  

2 0  KHz a t  65% to 85% AM 

10 VDC b ia s  

DC 

Input 

o u t p u t  

M odulat  i on Output ( if de s i r e d) 

Modulation Input 20 KHz 10 V p-p  with 10 VDC 

U H F  Mul t ip l ie r  

Tab le  3-10 g ives  the specif icat ions,  and  F i g u r e  3 - 3 2  shows a de ta i led  

block d i a g r a m  of the UHF X9 mult ip l ie r  c i r cu i t ry .  

input  s igna l  i s  r a i s e d  to  a leve l  of 150 m w  be fo re  being appl ied to  the 

s t e p  r e c o v e r y  diode. 

the diode to  3 db o r  l e s s  ove r  t empera tu re .  

f i l t e r  i s  used  to  reduce the 40. 01 MHz sidebands below the 50  db leve l .  

Past uni ts  s i m i l a r  t o  this  have obtained re jec t ions  g r e a t e r  than 60 db 

o v e r  t e m p e r a t u r e .  The two output s t ages  a r e  recommended s o  a s  to  

provide  good l imi t ing  p r i o r  to modulation and  to  i n s u r e  a good 50 ohm 

m a t c h .  

A s  can  be seen ,  the 

Th i s  leve l  should l i m i t  var ia t ion  i n  the output of 

Once aga in ,  a 3 sec t ion  

UHF Modulator 

U s e  of a P I N  diode i s  recommended f o r  the U H F  modula tor .  The  

modulation s c h e m e  used f o r  the 4 0 .  01 s ignal  i s  not useful a t  UHF f r e -  

quenc ie s  because  the gain of the t r a n s i s t o r  i s  no longer  given by the 

r a t i o  of load r e s i s t a n c e  to emi t t e r  r e s i s t a n c e .  T h i s  i s  due,  mainly,  to 

the effect  of the reverse t r ansadmi t t ance .  In  addi t ion,  the reduct ion 

of t r a n s i s t o r  admi t t ances  and the p r e s e n c e  of capac i tance  a c r o s s  the 

FET change the gain equation. 

T h e  P I N  diode i s  a P - N  junction device with a n  in t r in s i c  l a y e r  

be tween  the P and N r eg ions .  

i n t r i n s i c  reg ion  i s  qui te  long. 

The minor i ty  c a r r i e r  l i fe t ime in the 

AS the diode i s  fo rward  b i a sed ,  minori ty  
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TABLE 3 -  10. UHF MULTIPLIER SPECIFICATIONS 

Input 

o u t p u t  

DC 

40.01 MHz at 4 m w  

360.09 MHz at 30 m w  

24 Volts at 30 ma (720 mw) 
A 

c a r r i e r s  a r e  injected into the in t r ins ic  region. 

ductivity. 

only a res i s tance .  

var iab le  r e s i s t o r  f o r  f requencies  of 100 MHz and up, 

c h a r a c t e r i s t i c  i s  given by 

T h e s e  i n c r e a s e  con-  

Because of a f a b r i c a t e d  long life t ime,  a n  R F  signal will  s e e  

The  r e s u l t  is  that the device b e c o m e s  a DC voltage 

The r e s i s t a n c e  

- 0 . 8 6  = 26 I PIN (I in  mi l l iamps .  ) 

F i g u r e  3-33 shows the two possible  configurations for  using the 

PIN diode a s  a n  at tenuator .  R is the s o u r c e  impedance and R the 

load impedance. 

i s  given by 

S L 
The  voltage attenuation CY for  the c i r c u i t  of F i g u r e  3-33a 

RL - - RL 
C Y =  

R t RS t 261-0086 
RL + R~ R~~~ L 

T h e  attenuation for  3-33b i s  given by 

C Y =  

(RSRL/26) I o '86  t RS t RL 

For RS and R L  50 ohm, i t  c a n  b e  s e e n  that  RpIN would have to  b e  

reduced  to  l e s s  than a n  ohm i n  o r d e r  t o  achieve  a wide attenuation range  

f o r  the c i rcu i t  of F i g u r e  3-33a.  Because  r e s i s t a n c e s  below a couple of 

ohms a r e  difficult  t o  achieve ,  the configurat ion of F i g u r e  3-33b is m o r e  
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r 
40.01 MHz STEP RECOVERY DIODE 
AT 4 mw AMPLIFIER 40 mw AMPLIFIER 150 mw x 9 MULTIPLIER AND 

2N707 2N3118 ~ 3 STAGE L-C FILTER 
H p  -01 I4 

F i g u r e  3 - 3 2 .  U H F  Multiplier Block Diagram 

m 0 
N 

AMPLIFIER LIMITER L" 

C 

w e - 2N2857 2N2857 

. TO - 

m 
R~~ N("MOD) 

a )  P i n  Diode i n  Series Connection 

.. ~ - 
b)  P i n  Diode i n  Parallel Connection 

F i g u r e  3 - 3 3 .  Voltage-Controlled Attenuator  
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appl icable  since the diode lends i tself  to high r e s i s t a n c e s .  

dcu/dI i s  given b y  

The slope 

1 -1 .86  - a2  ( -0 .  86) (26)I do - 
dI R L  
- -  

F o r  CY l a r g e ,  (i. e . ,  I small) 

RLIO. 86 
7% c y =  

SO, 

do (“L) -0.  14 = 26 (-0.86) I x 
T h i s  is a function that  is a l m o s t  cons tan t  as I l 4  i s  a va r i a t ion  

F o r  in s t ance ,  a va r i a t ion  i n  which slowly i n c r e a s e s  a s  I ge ts  s m a l l e r .  

I of two o r d e r s  of magni tude will change I 

the approximation f o r  Q becomes  inval id  and  a s  the P I N  diode r e s i s t a n c e  

becomes  negligible, cy goes to 

l 4  by 1 / 2 .  A s  I is i n c r e a s e d  

R,  L 
C Y =  

RL + RS 

R L  ( -0 .86)  (26) I -1 .86  
d -  
dI 
- -  

which i s  a f a s t e r  va r i a t ion  with I. 
tion sec t ion  we see  that opera t ion  i n  the high c u r r e n t ,  low at tenuat ion 

reg ion  i s  bound to r e s u l t  i n  higher  modulat ion ha rmon ic  d is tor t ion .  

F r o m  the  d i scuss ion  in  the modu la -  
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In o r d e r  to  ver i fy  the theoret ical  calculat ions,  a n  exper imenta l  

P I N  diode modula tor  w a s  built  and tes ted .  F i g u r e  3-34 i s  a log-log plot 

of power v e r s u s  c u r r e n t  o v e r  a wide t e m p e r a t u r e  range.  

s i g n a l w a s  20 m w  at 136 MHz,  and the e n t i r e  se tup  w a s  a 50 ohm s y s t e m  

( R L  = RS = 508) .  In addition to confirming the theory,  the r e s u l t s  of 

t h e s e  t e s t s  show a small variation in the attenuation c h a r a c t e r i s t i c s  

o v e r  t e m p e r a t u r e .  As  can  be seen,  this var ia t ion could b e  e a s i l y  c o m -  

pensa ted  f o r  by reducing c u r r e n t  a s  t e m p e r a t u r e  r i s e s .  

The input 

A 20 KHz modulating signal w a s  then applied to the exper imenta l  

T h e  a v e r a g e  power out w a s  s e t  by a super imposed  dc c u r -  a t tenuator .  

r e n t  and the percentage of modulation s e t  by controll ing the ampli tude 

of the 20 KHz signal such that  a presentat ion on a s p e c t r u m  a n a l y z e r  

showed the 20 KHz sidebands t o  be 8 db down. 

s e e  this  c o r r e s p o n d s  to 85% modulation. 

c a n  then be obtained by noting how far down the 4 0  KHz sideband is f r o m  

the 20 KHz one, T h i s  is  a good approximation since the power i n  the 

3 r d  and higher  modulation harmonics  is 10 o r  m o r e  db down f r o m  the 

2nd h a r m o n i c .  F i g u r e  3 - 3 5  shows the s p e c t r u m  f o r  var ious  attenuations.  

In  sec t ion  3 the a v e r a g e  attenuation was  shown to be 0 . 4  of (4  db l e s s  

than) the m i n i m u m  attenuation. A s  i s  expected,  3s the attenuation 

d e c r e a s e s  , the modulation harmonic dis tor t ion i n c r e a s e s  due to m o r e  

opera t ion  i n  the nonlinear region of the at tenuator  response .  A s  noted 

i n  the f igure ,  the d is tor t ion  var ies  f r o m  -24 db ( 0 .  4%) to -12 db  (6. 2%) 

as the  a v e r a g e  attenuation goes f rom 12 db t o  6. 5 db. 

of a suggested s y s t e m ,  a 10 db attenuation i s  a s s u m e d .  

F r o m  F i g u r e  3 -16 ,  we 

The  percentage of d i s tor t ion  

F o r  the p u r p o s e s  

U H F  P o w e r  Amplif ier  

Table  3- 11 gives  the specifications on the UHF power ampl i f ie r  and 

F i g u r e  3-36 i s  a detai led block diagram of the suggested unit. 

l o w e r  power a m p l i f i e r s  would be run  c l a s s  A while the d r i v e r  and  final 

a m p l i f i e r  would be c l a s s  B i n  o r d e r  to obtain a l i n e a r  amplif ier  with 

r e  as onable efficiency. 

The two 
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C UIR E NT. MILLIAMPERES 

F i g u r e  3-34 .  Power  Out i n  Mil l iwat ts  V e r s u s  C u r r e n t  

20 mil l iwat t  input power  
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I e 

a )  
Modulation H a r m o n i c  D i s t o r t i o n  2 4  db 

12 d b  A v e r a g e  At t enua to r  Showing 

Down 

b )  
Modulation H a r m o n i c  Dis tor t ion  18 db  

9 . 7  db  A v e r a g e  Attenuat ion Showing 

Down 

c )  
Modulation H a r m o n i c  D i s t o r t i o n  14 db 

Down 

7 .  7 d b  A v e r a g e  Attenuat ion Showing d )  
Modulation H a r m o n i c  Dis tor t ion  13  db  

6.  5 d b  A v e r a g e  Attenuation Showing 

Down 

F i g u r e  3-35.  S p e c t r u m s  for A t t e n u a t o r s  
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POWER 
MONITOR 

HOT CARRIER 
DIODE 

CPS-rn35 - 1 

1.5w 
CLASS B CLASS B 

AMRlFlER AMPLIFIER 
2N3866 2N4440 

CLASS A 360.09 MHr 
~ 7 3 -  CLASSA AMRIFIER , 150mw DRIVER 7 0 0 ~ 1 ~  FINAL . b AMPLIFIER 'Ornw 

2N2857 ZN3866 

Figure 3 - 3 6 .  UHF P o w e r  Ampl i f i e r  Block Diag ram 
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TABLE 3 -  11. UHF POWER AMPLIFIER SPECIFICATIONS 

Input 3 6 0 . 0 9  MHz at 3 m w  

o u t p u t  

Modulation In  and Out 

T e l e m e t r y  Output 

DC 

360.09 M H z . a t  1. 5 watts  

20 KHz a t  65% to 857'0 AM 

Power  Out 0 to 5 Volts DC 
T e m p e r a t u r e ,  T h e r m i s t o r  

23 Volts a t  200  ma 
4.  6 wat ts)  

The  configuration shown i s  a conservat ive one. Rated power out 

of the final t r a n s i s t o r  i s  6 watts.  

obtained, i f  n e c e s s a r y .  

Thus a n  i n c r e a s e  in  power could be 

T h e  t e l e m e t r y  moni tor  would u s e  the same hot c a r r i e r  diode top 

a s  w a s  suggested f o r  the H F  modulator  and power ampl i f ie r .  

the  c a s e  with the H F  a m p l i f i e r ,  a low pass  f i l ter  may be needed to 

r e d u c e  the 720. 18 m H z  second harmonic below the 50 db specification. 

A s  was 

Modulation D r i v e r  and Logic Control  

T h e  purpose of th i s  unit i s  to develop the 2 0  kHz modulation s ig-  

n a l s  f o r  both the HF and UHF modulators .  In addition, this  unit can 

cont ro l  the power supply l ines  f o r  the HF and U H F  power a m p l i f i e r s  if 

switching of these  units i s  des i red .  Control  of the modulation can a l s o  

be effected in th i s  module.  F i g u r e  3 -37  is  a detailed block d i a g r a m  of 

the suggested unit. 

A s  i s  shown i n  F i g u r e  3 - 3 7 ,  the division by 250 of the 5 mHz 

s igna l  can  be done in  s t e p s  of +5,  +5, and + l o .  

i n  one 1 . C  digital  c i rcu i t .  

T T L  decade counter  r a t e d  f o r  f requencies  up to  18 m H z .  

option of picking off -12 and t 5 .  

s q u a r e d  off then the f requency  divided down through the three  TI  inte-  

6' n r a t o r i  -1.- - c - i y c - l l i t c  - A &  

r e s u l t i n g  output is  a 20 kHz squarewave. 

h a r m o n i c  d is tor t ion  i n  th i s ,  i t  i s  n e c e s s a r y  to low p a s s  f i l t e r  the wave 

E a c h  s t e p  can  be done 

The T I  (Texas  Ins t ruments )  SN 7490 i s  a 

I t  has  the 

A s  shown, the input 5 mHz signal  i s  

T ~ P  - * -  nlltpllt - - -  is t h e n  squarrcl up and liiiiiied. The 

In o r d e r  to minimize  the 
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LIMITER AND H TCHEIE~EFF ACTIVE RC H D:!lr H DRIMR uA 710 LOW PASS FI  ILTER 

DIVIDE BY l 5  SN 7490 SN 7490 

DIVIDE BY 

- - ",IN A!A R2 

FIXED VOLTAGE 
G A I N  OPERATIONAL 

AMPLIFIER 
UHF MODULATION CONTROL 

HF POWER ON-OFF 

2N3752 

AMPLIFIER 
2N2484 TO UHF MODULATOR DC BIASING 

2N3019, 2N2905A. 

AMPLIFIER 
TO HF MODULATOR DC BIASING 2N2484 

L 9 

C 
VOLTAGE - 

AMPLIFIER WITH - - 
G A I N %  ' - 

VOUT 
Ua 709 

I 
HF MODULATION CONTROL 
FROM TELEMETRY 

F i g u r e  3-37 .  Modulation D r i v e r  a n d  L o g i c  Cont ro l  Block D i a g r a m  

m 
N N rn 

F i g u r e  3 - 3 8 .  Sal len  and  K e y  Low Pass 
Ci rcu i t  
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to  get  r i d  of the second, th i rd  and higher  ha rmon ics .  

the roll-off needed f o r  the f i l t e r  by evaluating the magnitude of the h a r -  

mon ics .  

and  go down as  l / n  for  n odd. The modulat ion ha rmon ic  dis tor t ion,  H, 

i s  given by 

We can  de te rmine  

F o r  a p e r f e c t  squa re  wave, only the odd ha rmon ics  a r e  p r e s e n t  
2 

Of the 19% power in  the ha rmon ics ,  ( 1 / 9 )  x 81’70 

ha rmon ic ,  1/25X(81)70 = 3. 2‘70 i n  the 5th ha rmon ic ,  e tc .  If the 3 rd  

ha rmon ic  w e r e  reduced  by 10 db  to 1 /90  of the fundamental ,  we would 

expec t  tha t  the h igher  ha rmon ics  would be at tenuated even  m o r e  due to  

continued f i l t e r  rol l -off ,  such that the new harmonic  d is tor t ion  would 

be given by 

= 9% i s  i n  the 3rd  

A s imple  low pass  f i l t e r  with a Tchebychef t r a n s f e r  function for  power of 

1 
2 4 I T / 2  = 

1 t c [4(w/w0) - 4(w/w0)2  f 13 

wi l l  give a 14 db at tenuat ion of the th i rd  harmonic  ( fo r  a 1 db attenuation 

f o r  the fundamental) .  Such a f i l ter  has  a t r a n s f e r  function of 

2 
0 

0 

T(S) = 2 2 
0 

S t 1.096Sw + 1 . 1 1 ~  
0 

. .  
-A- c i y , n ~ ~  ar i - ix??  R.c c.irciiii suitable f o r  obtaining this kind of a r e s p c n s e  

f o r  w The 

r e s p o n s e  fo r  this is  given b y  

r-- 

= 20 kHz i s  the Sal len and Key c i r cu i t  shown in  F igu re  3-38 .  
0 
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1 

- -  V out ( ClC2RlR2) 
- 2  S t S [CIRl t C2R2 t C2Rl - A2ClR1] t 1 in V 

1 C2Rl R2 

The e lement  values  a r e  adjusted to r e a l i z e  the d e s i r e d  Tchebycheff 

f o r m  shown above. 

The constant voltage gain, A v ,  can be r e a l i z e d  by use  of a 

s tandard integrated c i r c u i t  opera t iona l  ampl i f ie r  such as  the pA 709 

with suitable feedback.  

A s  shown, the low p a s s  f i l t e r  i s  followed by another  constant  

gain operat ional  ampl i f ie r  whose output i s  then spli t  to  dr ive  two 

t r a n s i s t o r s  to obtain the wide voltage swings n e c e s s a r y  to dr ive  the 

two modula tors .  

the modulation percentage .  

s ignal  a t  the end. 

include some t e m p e r a t u r e  compensat ion t o  account  f o r  var ia t ions  in 

the modulators  and power a m p l i f i e r s  following. 

The  attention to  amplitude i s  n e c e s s a r y  to maintain 

A DC b i a s  i s  super imposed  on the AC 

A s  noted in  the modulation sect ion,  th i s  could 

F i g u r e  3 -37  a l s o  shows how the v a r i o u s  on-off options could be 

incorporated.  The modulation could be turned off m e r e l y  by biasing 

off the output a m p l i f i e r s ,  controll ing power into the v a r i o u s  modules  

r e q u i r e s  controlling a power t r a n s i s t o r  in s e r i e s  with the power 

l ine.  

Genera l  Notes  

The suggested beacon payload w i l l  d raw a total  10.87 wat ts  f r o m  

the 24 VDC power l ine.  Since i t  h a s  a 3 watt  total  output, it m u s t  

d i ss ipa te  a total  of 9.  87 w a t t s ,  As noted i n  e a c h  of the descr ib ing  

sec t ions ,  all components u s e d  should be wel l  d e r a t e d .  The small 

amount  of power d iss ipa ted  among 7 c h a s s i s  should i n s u r e  the c h a s s i s  

to be equivalent to infinite heat sinks. 
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RFI should not be a problem in  the type of payload s y s t e m  

suggested.  

that  a r e  p r e s e n t  i n  the s y s t e m  a r e  5 mHz and 20  kHz. 

shielded cable,  leakage of these  frequencies  should be a m i n i m u m  of 

100  db down. 

The only f requencies  o ther  than the d e s i r e d  f requencies  

By u s e  of 

Mechanical  De sign 

Two types  of module construct ion a r e  commonly used f o r  the 

kind of c i r c u i t s  descr ibed  in this  sect ion.  

"Wrap Around' '  Construct ion 

T h i s  c o n s i s t s  of a universa l  type of sheet  meta l - r ive ted  a s s e m -  

bly featur ing wide a c c e s s  f o r  p a r t s  a s s e m b l y  and e x t r e m e  v e r s a t i l i t y  

in mounting. T h e  module i s  constructed in t h r e e  pieces:  

v e r t i c a l  section of a luminum alloy f o r m e d  into a "U" shape to provide 

the t h r e e  outer  wal l s  of the module, a flanged horizontal  r i b  of a lu-  

m i n u m  alloy r iveted to  the center  of the o u t e r  wal l s  and providing a 

shelf f o r  the e lec t ronic  p a r t s ,  and a c o v e r  of flat  a luminum al loy sheet  

f o r m e d  into a "U" to c r e a t e  the fourth outer  wall ,  top and bot tom. 

V e r t i c a l  flanged r i b s  m a y  a l s o  be mounted within the a s s e m b l y  to pro-  

vide additional e lec t ronic  shielding. (6061 alloy i s  used because  of i t s  

b e t t e r  formabi l i ty  and weldability while 2024 i s  used because  of abil i ty 

to withstand s t r e s s e s .  ) 

a flanged 

"Machined" Solid Con s t  ruction 

In th i s  type of design,  the housing i s  machined f r o m  a solid 

a l u m i n u m  block. 

i m u m  heat diss ipat ion i s  required.  

module  c o v e r ,  which i s  made f r o m  sheet  a luminum, i s  instal led with 

14 s c r e w s .  

The  w a l l  th ickness  i s  0.  030 inch except  w h e r e  m a x -  

A f t e r  testing and foaming the 
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T h i s  type of cons t ruc t ion  i s  n e c e s s a r y  f o r  the h igher  f r equenc ie s  

w h e r e  r-f shielding i s  r equ i r ed  and r ig id i ty  of cons t ruc t ion  i s  needed 

to prevent  detuning of c i r c u i t r y .  C h a s s i s  and cove r  a r e  gold plated.  

Housing Con s t  ruct ion 

T h e  beacon payload m a y  be housed in  a r ec t angu la r  box of two 

sec t ions .  

with wal l  th ickness  of 0. 06 and at taching t abs  0. 090  thick a t  m a x i m u m  

spacing of 4 i nches .  

face  of the box. 

pa ths  a r e  needed. 

shee t  and i s  a t tached with s c r e w s  through an  r-f seal joint .  

tioning of modules w a s  dictated by r-f layout t h e r m a l  cons ide ra t ions ,  

so lder ing  access ib i l i ty ,  a l lowance f o r  in te rcabl ing ,  h a r n e s s  space ,  

plus  access ib i l i t y  f o r  r e m o v a l  of modu les .  

The lower  port ion i s  machined f r o m  a luminum al loy plate ,  

The  modules  a r e  a t tached to the f la t  ins ide  s u r -  

The s ides  m a y  be a t tached  w h e r e  addi t ional  t h e r m a l  

The upper  port ion i s  f o r m e d  of a luminum al loy 

T h e  pos i -  

Wiring 

The cabling in  the housing is  50 ohm coaxia l  cab le  f i t t ed  with OSSM 

and OSM connectors .  The module layout  w a s  des igned  to  min imize  long 

cable  r u n s  with p a r t i c u l a r  a t tent ion to those with v e r y  low signal  l eve l s .  

Re tu rn  wiring interconnect ing the modu les  h a s  been inco rpora t ed  to p r e -  

vent a fa i lure  caused  by wi re  breakage .  

The module c h a s s i s  is  comple te ly  gold p la ted  f o r  c o r r o s i o n  r e s i s -  

tance,  conductivity,  and  so lderabi l i ty .  Po in t  to point wir ing is  used  

throughout to min imize  r-f l ead  lengths  and  to  allow the e a s e  of r ep lac -  

ing, adding o r  removing component p a r t s .  Grounding l e a d s  a r e  kept  

s h o r t  by solder ing component l e a d s  d i r ec t ly  to  c h a s s i s  ground t e r m i n a l s .  

All  d -c  wiring, including the ex tens ive  r-f decoupling inductances ,  is 

mounted to  the unders ide  of the e l ec t ron ic  shelf .  Connections m a d e  to  

the r-f wiring on the uppe r  s ide  a r e  m a d e  through 1000 pf feedthrough 

c a p a c i t o r s  so ldered  into the shelf .  Additional decoupling i s  provided  i n  

m o r e  c r i t i ca l  a r e a s  through the use  of s t ab le  h igh- f requency  c a p a c i t o r s  

connected in p a r a l l e l  with the feedthrough c a p a c i t o r s .  
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Environmenta l  Considerat ions 

T h e  c o v e r  i s  r iveted to the c h a s s i s  and s i l v e r  epoxy i s  used 

between the c o v e r  and c h a s s i s  to reduce in te rna l  and ex terna l  r-f leakage.  

The module is  encapsulated in 2-pound foam to enhance the s t r u c t u r a l  

r igidity and  minimize  vibrat ion effects on component p a r t s .  All  l a r g e  

component  p a r t s  a r e  epoxied to  the c h a s s i s  to  provide additional shock 

and vibrat ion protect ion.  

t h e r m a l l y  hea t  sunk by epoxying them to the c h a s s i s ,  n e a r  ex terna l  

mounting flange s w h e r e v e r  PO s sible . 

All high diss ipat ive components  have been 
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